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ABSTRACT
Photodiodes sensitive in the NIR and integratable with Si have been pursued for
many applications including imaging, communications, and photovoltaics. Since the Si
bandgap is inefficiently matched to NIR wavelengths, photodiodes fabricated from a
smaller bandgap material are needed. 25 nm crystalline Ge on Si using HDP-CVD and
various RTA temperatures were characterized and compared to directly deposited polyGe and epi-Ge. TEM showed that recrystallization using RTAs below the Ge melting
point and liquid phase epitaxy using RTAs above the Ge melting point resulted in
recrystallized poly-Ge with varying degrees of defects. Epi-Ge resulted in the highest
level of coherent crystallinity. Inductively-coupled photoconductance measured effective
lifetimes for all structures ranged from 2x103 - 2x104 cm/s. Thicker directly deposited
epi-Ge samples indicated that recombination at the Ge-Si interface dominated the
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effective lifetime. Hydrogen passivation stability of Si and Ge surfaces in air were also
characterized using electron-hole recombination lifetimes.
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CHAPTER 1
INTRODUCTION

1.1 Motivation
The demand for continuously increasing integrated chip functionality and interchip and down-fiber transmission bit rate drove the demand for near infrared (NIR)
sensitive material integration with silicon (Si). Photodiodes sensitive in the NIR and
integratable with Si have been pursued for many applications including imaging [1],
communications [2, 3], and photovoltaics [4].

Since the Si bandgap (1.1 eV) is

inefficiently matched to NIR wavelengths, photodiodes fabricated from a smaller
bandgap material, such as germanium (Ge), are needed.
The lattice mismatch between Ge and Si is a key technology issue for
photodetectors.

When Ge is directly deposited on a Si substrate above the critical

thickness (4 monolayers), threading dislocations form in the Ge film.

Threading

dislocations form when misfit dislocations due to lattice mismatch propagate from the
Ge-Si heterojunction to the film surface. A high number of threading dislocations is
correlated with high concentrations of generation-recombination centers that lead to an
increase in reverse saturation current, such as dark current, and degradation of signal-tonoise performance [5]. Since high signal-to-noise, performance photodetectors require a
low diode dark current (noise) and high responsivity, Ge on Si (Ge/Si) heterostructures
with slower recombination are needed for detector sensitivity. Despite the issue of
dislocations, encouraging results have been demonstrated in p+-Ge/n--Si photodetectors
[6].
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A second challenge is integration of these Ge devices into a standard Si
complementary metal oxide semiconductor (CMOS) process flow without detrimentally
impairing the CMOS device performance. A potential solution to this challenge is a
modular Ge detector process, which may be inserted after the CMOS process is complete.
This requires a low temperature process that is compatible with back-end metallization.
Plasma enhanced epitaxy for low-temperature Ge epitaxy has been demonstrated [7], but
the material remains poorly characterized. The interface recombination velocity and Ge
bulk recombination lifetime are two critical performance parameters. These parameters
should be as slow as possible to minimize dark current generation and to maximize
quantum efficiency.
This thesis presents the results of a study of the minority carrier lifetimes in polycrystalline Ge on Si heterostructures deposited by plasma enhanced chemical vapor
deposition (PECVD).

Interface recombination velocity and Ge bulk recombination

lifetime are extracted from effective minority carrier lifetimes. These are measured using
an inductively-coupled, contactless, photoconductance set-up that measures the
agglomerate minority carrier lifetime of the bulk Si, Ge film, Ge-Si interface, and
surfaces. The study includes the development of an inductively-coupled plasma CVD
(ICP-CVD) process for uniform Ge deposition; material evaluation [e.g., transmission
electron microscopy (TEM), ellipsometry, and Rutherford back-scattering (RBS)]; and
finally lifetime measurements used to extract Ge and Si surface recombination velocity
from bare Ge and Si wafers.

1.2 Thesis Outline
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Chapter 2 describes Ge/Si detector challenges of lattice mismatch and threading
dislocations that are correlated to device performance measures, such as dark current.
This chapter includes a brief discussion and comparison of different Ge/Si technologies
proposed to overcome these challenges along with the advantages of using lowtemperature ICP-CVD to deposit Ge on Si as proposed in this thesis. This technique is
further discussed in Chapter 3 starting with a general explanation of PECVD and other
CVD methods focusing on ICP-CVD.

Chapter 3 describes the experimental and

characterization techniques used in this research.

It describes the effective lifetime

measurement setup and explanations of the crystal analysis techniques used to analyze
the Ge. These techniques are Rutherford backscattering (RBS), secondary ion mass
spectroscopy (SIMS), X-Ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), and
ellipsometry.
Chapter 4 provides details of the experimental procedure and data analysis. It
compares the measurements of the minority carrier lifetime in recrystallized
hydrogenated amorphous-germanium (α-Ge:H) on Si, deposited by ICP-CVD, to directly
deposited unannealed ICP-CVD poly-crystalline germanium (poly-Ge) on Si in order to
evaluate the potential of these Ge/Si structures for detectors.

Epitaxial Ge/Si was

eventually achieved, and recipes used to deposit amorphous, poly-crystalline, and epi-Ge
will be explained.
Since the effective lifetime includes the Ge and Si bulk lifetimes, the Ge and Si
surface recombination velocities and the Ge/Si interface recombination velocity
component must be experimentally or analytically extracted. The derivation of Ge bulk
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lifetime and recombination velocities in the Ge/Si structure are detailed in Chapter 5,
showing how each is calculated analytically, graphically, or by Medici, a 2-D device
simulation program. Chapter 5 also discusses how lifetime depends on the thickness of
the Ge film. Chapter 6 summarizes the experimental procedures, results, and discussion.
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CHAPTER 2
BACKGROUND

2.1 NIR Photodiodes
In the past two decades, near infrared (NIR) photodiodes, detecting in the 1.06 –
1.6 μm range and integrated on a standard silicon platform were pursued for various
reasons including: high-speed, low-power inter-chip communications [1-2], low-cost
telecommunications [3-6], and low-cost, reduced weight photovoltaics [7]. Significant
materials and device integration challenges hindered wide adoption of Ge detector
integration with the existing silicon complementary metal oxide semiconductor (CMOS)
platform. Investigation of a novel high-density-plasma, low-temperature Ge deposition
processes, which have the potential to reduce the Ge detector integration challenge by
reducing the deposition temperature, is the motivation behind this thesis.
A number of innovative approaches to monolithically integrate optoelectronic
components with a CMOS platform were pursued by other groups [8-14].

These

approaches may be divided into two general approaches: 1) leveraging the more mature
silicon germanium (SiGe) epitaxy experience within the CMOS industry to produce
detectors and modulators, and 2) the integration of III-V semiconductors on Si by wafer
bonding or epitaxy. The first approach assumes that the laser sources will be inserted
into waveguides from off-chip or through hybridization [8]. In comparison, limited
success was achieved with the III-V approaches resulting in the demonstration of
monolithic gallium arsenide (GaAs) based lasers. However, crystal defects that limit
both yield and lifetime of these devices remain a significant challenge [9-13].
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An

intriguing research question is how far this research technology may be pushed towards
realizing low-cost, low-weight GaAs based solar cells (fabricated on Si substrates) as
well as for optoelectronic and hybrid RF applications. On the other hand, the SiGe
epitaxial growth process is compatible with both front-end and back-end Si CMOS
technology, which was exemplified by the commercial success of SiGe BiCMOS and
strained Si devices [14]. For inter-chip optoelectronic applications as well as substrate
fabrication for GaAs photovoltaics, a key challenge is extending this technology to
thicker and higher Ge concentration epitaxy while maintaining low dislocation densities.

2.2 Lattice Mismatch and Threading Dislocations
One hurdle to integrating a thick, high-Ge-concentration epilayer on Si is the
lattice mismatch between the SiGe alloy and the Si substrate (the lattice mismatch
between pure Ge and pure Si is 4.2%). Figure 2.1 shows a simple 2-D representation of
one possible defect due to Ge/Si lattice mismatch.

Figure 2.1 Ge/Si misfit defect due to lattice mismatch.
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The direct deposition of Ge or SiGe alloy on a Si substrate follows a StranskiKrastanov (SK) growth since the difference in lattice mismatch is not too high [14-15].
Above the critical thickness (order of 1-10 monolayer), direct deposition initially forms a
SiGe wetting layer which is frequently dominated by faceted island growth [16] having
islands coalescing to form misfit dislocations (Figure 2.2). These misfit dislocations form
at the film and substrate interface and propagate upwards as threading dislocations
terminating at the film surface. Threading dislocations are undesirable because they cause
both detrimental electrical and morphological effects like surface roughness and
introduce electrical traps.

This renders the material unusable for many practical

applications [17-20]. For example, threading dislocations in a Ge/Si heterostructure
diode are a significant contributor to the diode dark current since they are associated with
generation-recombination centers.

A correlation between increases in threading

dislocation densities and reverse saturation current has been well documented in literature
[21-22]. To achieve optimal detector sensitivity, dark current must be reduced; hence it
is necessary to develop Ge/Si heterostructures with lower recombination velocities.

SiGe Wetting Layer
Si
(a)

Ge

Ge

Ge

SiGe Wetting Layer
Si
(b)

SiGe Wetting Layer
Si
(c)

Figure 2.2 Direct deposition of Ge on Si (100) follows Stranski-Krastanov growth where
(a) an SiGe layer (wetting layer) is formed before Ge deposition is dominated by faceted
island growth. (b) Ge islands coalesce, forming misfit dislocations. (c) Misfit
dislocations propagate to the film surface forming threading dislocations.
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Two successful approaches to eliminating misfit dislocations are (1) graded buffer
layers [23-26] and (2) Ge condensation [27-30]. Graded SiGe buffer layers gradually
introduce the lattice mismatch between Si and Ge slowly relieving strain that forms
threading dislocations. The threading dislocations in the initial layers also relieve strain
in the subsequent layers pinning initial threading dislocations and suppressing the
nucleation of new threading dislocations as the SiGe buffer layer growth progresses [2326]. Germanium condensation is a fabrication technique in which a SiGe layer is grown
epitaxially on a silicon-on-insulator (SOI) substrate (Figure 2.3a). This method requires
dry thermal oxidation at temperatures lower than the Si(1-x)Gex melting point that is
dependent on the Ge fraction. During the oxidation process, Ge atoms are rejected from
the surface oxide layer into the remaining SiGe (Figure 2.3b). The out-diffusion of the
Ge atoms is contained by the surface oxide layer and the buried oxide (BOX) layer,
preserving the total amount of Ge. The high oxidation temperature increases the Ge
diffusion length, creating a uniform Ge profile. It also enables the threading dislocations
in the SGOI to glide, relieving stress. Oxidation continues until all of the Si is oxidized,
leaving a condensed layer of Ge between the surface oxide and the BOX (Figure 2.3c)
[27-30]. Removing the surface oxide results in a relaxed GOI layer.
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SiO2
SiGe
SOI

SiO2
SiGe

Ge

BOX

BOX

BOX

Si Substrate

Si Substrate

Si Substrate

(a)

(b)

(c)

Figure 2.3. GOI fabrication process using Ge condensation by oxidation. First, (a) SiGe
is grown epitaxially on to an SOI wafer. Second, (b) dry thermal oxidation of the SiGe
layer forms an SiO2 layer (SGOI). Lastly, (c) Ge is condensed completely by the
oxidation process. Removal of the surface SiO2 forms GOI [24].
Other promising techniques include epitaxial necking, wafer bonding, and Li et
al’s patented “touchdown technique” developed at the University of New Mexico.
Epitaxial necking eliminates defects from the Si-Ge interface by forcing threading
dislocations to terminate at the SiO2 sidewalls formed by lithography (Figure 2.4) [16,
31]. Due to low threading dislocation densities, SiGe graded buffer layers are good
virtual substrates for wafer bonding. Wafer bonding is a direct bonding method between
a handle wafer, such as a Si substrate or an SOI substrate and a lattice mismatched seed
wafer, such as a virtual substrate (Figure 2.5) [32]. The wafers are annealed producing a
strong bond before etching down the seed wafer until a thin mono-crystalline Ge layer
remains on top of the handle wafer [33-34].
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Ge
SiO2

Threading
Dislocations
Si substrate

Figure 2.4. Cross-section diagram demonstrating epitaxial necking, which terminates
threading dislocations at the SiO2 wall and prevents them from propagating to the Ge film
surface [30].
Si Substrate

Seed Wafer

Si1-xGex Buffer
Layer

Handle Wafer

x

Oxide
Si Substrate

Figure 2.5. Wafer bonding is the direct bonding of a handle wafer and a lattice
mismatched seed wafer.
The “touchdown” technique uses ultrahigh vacuum molecular beam epitaxy
(UHV-MBE) to form a Ge epitaxial lateral overgrowth (ELO) layer on top of a thin
chemically grown SiO2 layer. When the SiO2 layer is exposed to the Ge molecular beam,
the Ge consumes the SiO2 creating 7 nm wide seed pads, and subsequently allowing Ge
to “touchdown” on the underlying Si.

Reduction in dislocation density is due to

insufficient strain energy density to create dislocations. The inter-diffusion of Ge and Si
at the seed pads form a thin buffer layer further reducing the strain in the Ge film [16, 3537].
A recently proposed method by Colace et al. [17] to overcome this problem
directly integrates Ge photodetectors on Si using a thin relaxed low-temperature Ge
buffer and cyclic annealing to glide 45° angled dislocations to the film edges in local
regions. These steps help reduce the dislocation density to as low as 2 x 10-7 cm-2, which
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greatly improves dark current in the Ge/Si devices. This approach has been refined by
various groups. Nayfel et al. demonstrated a high-performance p-MOSFET in Ge grown
directly on Si using a novel heteroepitaxial growth technique. This technique uses
multiple steps of hydrogen annealing and growth to confine misfit dislocations near the
Ge-Si interface preventing threading dislocations at the surface. The incorporation of
hydrogen annealing in the growth recipe reduced the Ge-H diffusion barrier improving
the surface roughness and the quality of the layer. They believe that the first hydrogen
anneal caused Si from the substrate to diffuse into the growing Ge layer enhancing the
mechanism for Ge to relax. The subsequent growth was homoepitaxy Ge on Si (RBS
showed 96% Ge, TEM showed misfit dislocations confined or bent parallel to the Si/Ge
interface, and AFM yielded a surface roughness of 2.9 nm) [18]. Germanium NIR
photodiodes and Si CMOS receiver circuits can be simultaneously fabricated in a
monolithically integrated fashion using this technique [4]. Colace et al. reported that NIR
heterojunction photodetectors based on the same material (Ge(p)/Si(n) diodes) exhibited
excellent responsivities and speed (e.g. Jd = 10-15 mA/cm-2, responsivity of 0.75 A/W at
1550 nm with a 200 ps response time), but this structure assumed an interface
recombination velocity of 106 cm/sec [3, 5]. Although these techniques are promising
they produce significant constraints on the device integration because the thermal steps to
anneal out the defects can have non-negligible impact on other devices (e.g., threshold
voltage shift in neighboring MOSFET structures). Low temperature integration of the Ge
with Si devices is still desired.

2.3 Low Temperature
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Back-end post-CMOS Ge deposition and Ge device fabrication to integrate
optoelectronics devices, such as photodiodes, is a preferred route since it does not require
changes to the existing Si CMOS platform. This makes device fabrication simpler and
cost effective [38]. However, compatibility requires low-temperature deposition and
annealing requirements (e.g., ~450ºC).

Aluminum (Al) metallization imposes a

maximum temperature of 450°C [39]. As an example, Figure 2.6 shows SEM images of
Al deposited at 175°C, 400°C, and 450°C. Aluminum flows at temperatures greater than
450°C are typically considered too great because they form silicide that cause device
instability [40]. Therefore it is not desirable to have Al flow after it is deposited.
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Figure 2.6. SEM images provided by Jim Stevens at Sandia National Laboratories show
voids in the Al during deposition at 175°C, 400°C, and 450°C with Al flowing at 450°C.
2.4 Conclusion
Plasma deposition techniques were previously examined as a source for lowtemperature Si and Ge epitaxy [41].

In this thesis, several different approaches to

forming crystalline Ge on Si will be examined using ICP-CVD.

These techniques

include: (1) recrystallization of amorphous-Ge and (2) direct epitaxial growth by ICPCVD. This thesis represents the first report of epitaxial Ge growth using this geometry of
plasma assisted deposition (i.e., high-density plasma chemical vapor deposition). For
14

comparison, high-temperature recrystallization inspired by liquid phase epitaxy (LPE)
reports was also examined (Chapter 4). However, epitaxial Ge by ICP-CVD was found
to be the best ICP-CVD film for Ge/Si photodiodes (Chapter 4).
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CHAPTER 3
EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES

3.1 Introduction
The films deposited in this research are deposited by chemical vapor deposition
(CVD). Thin films are produced by the decomposition of gas phase precursors that
adsorb on the substrate, while the volatile byproducts readily desorb from the substrate.
Gas molecules are dissociated typically either through thermal excitation or by electron
impact in plasma. Examples of CVD are atmospheric pressure chemical vapor deposition
(APCVD), metal-organic chemical vapor deposition (MOCVD), and plasma enhanced
chemical vapor deposition (PECVD).

PECVD was used in this work and will be

explained in detail in Sections 3.2 and 3.3.
Minority carrier lifetime measurements are quick and easy, and can give
insightful information as to the quality of the film or device. For heterostructures like Ge
on Si, lifetime measurements can help determine the Ge film quality and the Ge/Si
interface quality. The lifetime measurement setup will be elaborated in Section 3.4,
giving examples of the two different measurement modes: transient photoconductance
decay and quasi-steady-state mode. Other characterization tools used in this research are
found in Section 3.5, along with examples.

3.2 ICP-CVD
The CVD reactor used in this research uses an inductive plasma source, and this
PECVD technique is typically known as inductively coupled plasma CVD or ICP-CVD.
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Many deposition steps used in standard CMOS processing require low substrate
temperatures, and PECVD provides a solution to dissociate and activate deposition
precursors without substantially raising either the gas-phase molecular temperature or the
substrate temperature.

Low temperature (200-500°C) is typically below the dissociation

temperature of gas-phase precursors, and is required because of the materials integration
choices of the device fabrication. The materials constrain the temperatures of subsequent
steps to allow compatibility with the materials that preceded the CVD step. For example,
aluminum is a common metal used for electrodes in CMOS devices. Aluminum starts to
flow at 450°C which is below the required temperatures necessary to thermally dissociate
gas molecules in a thermal CVD reactor.
A common non-thermal energy source is RF for plasma processing. ICP-CVD
uses high-energy electrons to initiate ionization and ignite the plasma that dissociates
and/or ionizes the precursor molecules. Plasma processing such as PECVD, can achieve
deposition rates similar to thermal CVD at much lower temperatures. The difference in
temperature is shown in Table 3.1. It compares the deposition temperatures required to
deposit silicon nitride (Si3N4), silicon dioxide (SiO2), and amorphous Si using thermal
CVD and PECVD.
Film

Precursors

Thermal CVD

Silicon
SiH4 or SiH2Cl2 and
Nitride
NH3
750°C
Silicon
SiH4 and O2
350-550°C
Dioxide
TEOS* and O2
700-900°C
Amorphous
SiH4
550-650°C
Silicon
*TEOS = tetraethyl orthosilicate, Si(OC2H5)4

PECVD
200-500°C
200-400°C
300-500°C
200-400°C

Table 3.1. Deposition temperature comparison between thermal CVD and PECVD [1].
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Inductive plasmas are simple to create and have simple the primary components
such as a coil, power supplies, matching networks, and a cooling system. There are two
common types of coil configurations: cylindrical and planar. The latter is commonly
used for material processing, however both configurations are used in this research
(Figure 3.1) [2].

Top Coil

Heating/Cooling Plate

Top Coil

Side
Coil
Ceramic
Dome

Side
Coil

Gas
Injection
BLUE™ ESC

Ceramic Dome

Turbo Pump

(a)
(b)
Figure 3.1. (a) Ultima HDP-CVD™ Chamber Schematic. (b) The ceramic dome showing
the induction coils. [2]
The following description describes the basic processes within the gas that ignite
and sustain the plasma in an ICP-CVD chamber.

First a high-voltage capacitive

discharge ignites and creates low-density (ion density (n+) ~ 108 to 1010 cm-3) plasma [3].
The plasma then transitions to a high-density (n+ ~ 1011 to 1012 cm-3) inductively coupled
plasma [4]. Typically after high-density plasma is achieved, the desired process gases
flow into the process chamber.
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The transition between low-density and high-density plasmas is necessary
because without the initial low-density plasma ignition, there is little inductive coupling
of RF power to the gas. Efficient inductive coupling requires a relatively large density of
electrons to respond to the magnetic flux produced by the RF coil. Very few unbound
electrons exist in the un-ionized gas when the plasma is not initially ignited.
Consequently, inductive coupling is minimal when the RF power is initially turned on.
The plasma is believed to be ignited and initially sustained in a capacitive mode.
In capacitive mode, most of the RF power dissipates in a sheath produced between the
electrode and the floating plasma.

Capacitive plasmas may be ignited by electron

injection from the electrodes that are driven rapidly towards the opposite electrode
position.

Plasma is sustained when the rate of plasma production by the energetic

electrons exceeds the rate of plasma losses such as recombination and diffusion to the
walls. A similar plasma initiation was proposed to occur in the ICP chamber, where the
difference in potential along the RF driven coil forces electrons to electrodynamically
initiate an avalanche of ionized gas molecules.

The plasma potential subsequently

increases along with the plasma density as more ions are ionized. The system then
switches to inductive mode when there is a sufficient electron density to which the RF
produced magnetic field can couple, and eventually reaching a steady-state of ionization
and electron/ion loss.
In the inductive mode, the RF potential generates an RF magnetic field with field
lines that symmetrically (with respect to the plane of the coil) encircle the coils. The
magnetic field penetrates the chamber walls inducing a time-varying azimuthal electric
field [5] that accelerate the electrons in the chamber, forcing them to gain energy and
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create hot electron collisions that ionize the neutral gas molecules and sustain the plasma.
In this mode, only a small portion of the RF bias appears across the sheath [6-7]. As the
electron density in the plasma increases, the magnetic field in the plasma is screened by
induced currents and is confined near the surface. The penetration depth of the magnetic
field is on the order of skin depth (the surface magnetic field decreased by 1/e or
approximately 37%), the extent an electromagnetic wave can penetrate a particular
material, or in this case, plasma [3-4].
Inductive plasma can generate electrons and ions more efficiently than capacitive
plasma. It can generate electrons with densities up to 1012 cm-3 at pressures of a few
mTorr which is as much as 100 times higher than comparable capacitive plasmas [3].
Inductive plasma also has a low plasma-to-substrate potential gradient (i.e., low sheath
potential), which leads to ion bombardment less energetic than in capacitive plasma.
However, if RF bias voltage is applied to the substrate, the ion bombardment energy
could be independently modified with almost no effect to the plasma density [3]. An
important advantage to the ICP system, other than the reduced temperature deposition, is
the ability to produce relatively low sheath potentials that avoid ion energies which
amorphize of the substrate surface.

3.3 HDP-CVD
The CVD tool used in this work is an Ultima HDP-CVD system from Applied
Materials located in the Microelectronics Development Laboratory (MDL) at Sandia
National Laboratories in Albuquerque, New Mexico. The HDP-CVD mainframe platform
has dual cassette load locks, a process chamber, a wafer aligning chamber, a multi-slot
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cool-down chamber, and a robotic wafer handler in the transfer chamber. The two load
locks share one dry roughing pump. The dry roughing pump is an Edwards QDP80 Dry
Pump with a peak pumping speed of 5100 L/min and an ultimate base pressure of 30
mTorr. The wafer aligner chamber can find the center of the wafer as well as the notch
or flat of the wafer to insure that the wafer covers the entire electrostatic chuck (ESC). If
any part of the ESC is exposed during wafer processing when the RF bias is on, the ESC
can be damaged. The ESC operates on the principle of Coulombic charge attraction,
where unlike charges attract. The ESC used is a monopolar DC biased BLUE™ ESC
which requires plasma for chucking and de-chucking. Here, the plasma is created by an
inductive source and a RF bias is not applied.
The HDP-CVD has 2 operation modes: automatic and manual. The automatic
mode uses pre-set instructions that automatically move wafers from the cassette in the
load lock to the aligner, then to the process chamber, and subsequently to the cool-down
chamber before returning the wafer to the cassette. The time it takes for the wafer to
enter the load lock and eventually to the process chamber is crucial for surface
passivation (explained in Chapter 4). In the automatic mode, a “clean-on-go” (COG)—
which can be removed—is performed in the process chamber to remove any residual
materials on the chamber walls. Although COG is performed simultaneously as the load
lock pump down, the process is longer than the pump down. Therefore, the time it takes
for the first wafer to enter the process chamber is a little under 6 min. In the manual
mode, COG can be bypassed allowing the wafer to be exposed to the chamber
environment for less than 5 min.
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Normally after a deposition process, the wafer temperature is greater than 300°C.
Since the transfer chamber and the load locks are pumped down to less than 100 mTorr,
heat convection is poor and does not sufficiently cool down the wafer before it is
transferred back to the plastic cassette. Therefore, a cool-down chamber is also required.
The cool-down chamber, aligning chamber, and transfer chamber do not have slit valves
to separate them, thus they share one dry roughing pump. The dry roughing pump is also
an Edwards QDP80 Dry Pump. Nitrogen flow is maintained in these chambers to keep it
at a constant pressure greater than the process chamber. This is done to prevent particles
in the process chamber from entering and contaminating the other chambers.
The process chamber body has a machined piece of aluminum with a ceramic
dome attached by a hinge. The effective volume of the chamber is approximately 31,500
cm3 that is pumped down by a turbo molecular pump and a dry roughing pump. The
turbo molecular pump is an Ebara 1600 WS Magnetic Suspension Turbo Pump with 1600
L/s (pumping nitrogen) pumping speed, which maintains the chamber pressure below the
100 mTorr range. The turbomolecular pump’s rotor has 5 pairs of active magnetic
bearings; thus, no mechanical contact and lubrication are required. The dry roughing
pump is also an Edwards QDP80 Dry Pump.
Gas is fed into the process chamber from the top and sides of the ceramic dome to
provide a uniform gas distribution. Argon (Ar), nitrogen (N2), silane (SiH4), germane
(GeH4), and oxygen (O2) are independently fed into the chamber. The maximum side
and top flow rate of SiH4 is 204 sccm and 20.4 sccm, respectively. Both flows are
monitored by standard, analog mass flow controllers (MFC) with best performances
between 20%-80% of scale. The maximum side flow rate of GeH4 is 700 sccm. A
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digital MFC is used for GeH4 specifies accuracy from 5% to 95% of the flow range.
Nitrogen flow has a maximum flow rate of 20 sccm, and is also monitored by a digital
MFC.

Argon has a side and top maximum flow rate of 400 sccm and 50 sccm,

respectively. These flow rates are monitored by analog MFCs. Capacitance manometers,
initially calibrated at the factory, are used for pressure control.
Three RF generators provide energy to the process chamber: two source
generators and an independent bias generator. Each of the two source RF generators
delivers up to 5000 W via a match network, supplying inductively coupled RF energy to
the plasma. The bias RF generator can deliver up to 5000 W of capacitively coupled RF
energy which independently controls the ion energy distribution.
The process chamber’s temperature control system is divided into 3 zones of the
dome (top, corner, and side) to maintain uniform dome temperatures. Each zone has a
resistive heating element providing heat to the dome when it is idle; the dome idles at
110°C.

During processing, a cooling plate helps maintain the desired substrate

temperature. That is, the wafer is heated primarily by the effects of the plasma and can
be cooled, if desired, by backside cooling using a flow of cold helium (He) to remove the
heat. Peak substrate temperatures without backside cooling reach up to ~ 500°C. The
wafer temperature is measured via a pyrometer collecting light from the wafer. The
radiant energy is transmitted through a sapphire light pipe to a fiber optic cable sending
the energy to a detector which converts it to an electrical signal. The electrical signal is
then amplified and processed into temperature data [2].

3.4 Lifetime Measurement Setup
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The minority carrier lifetime measurement is a quick, easy, and inexpensive
method to measure minority carrier lifetimes in semiconductor substrates. Minority
carrier lifetimes are often an indication of the quality of the material because lifetimes are
extremely sensitive to mid-gap defect states in the material. Therefore, the lifetime
becomes longer as the film quality improves. In this work, we will examine minority
carrier lifetimes in bulk silicon and Si/Ge heterostructures and correlate them with
structural properties of the deposited Ge.
The setup used to measure the effective minority carrier lifetime, τeff, is based on
a common technique utilizing the photoconductivity effect combined with inductively
coupled sensing of the conductivity in the wafer. The technique uses a pulse of light
from a strobe lamp, which optically injects carriers into the Si or Ge to increase carrier
concentration.

An increase in carrier concentration leads to an increase in

photoconductance, σ(t). Without contacting the wafer, σ(t) is sensed by an RF bridge
which inductively couples the wafer photoconductivity [8-11].
A general equation relating τeff to the bulk lifetime and surface recombination
velocity (SRV) for an ideal polished substrate at steady state is:
1
τeff

=

1
τbulk

+

2S
L

(3.1)

where τbulk is the lifetime in the bulk substrate, L is the thickness of the substrate, and S is
the SRV of one side of the substrate. It is assumed that the SRV is the same on both
sides of the substrate, thus a 2 is used to accommodate both sides. In steady-state, it is
also assumed that L is much less than the diffusion length. Figure 3.2 diagrams the
components of Equation 3.1.
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S
L

Si substrate (τbulk)
S

Figure 3.2. Structure depicted in Equation 3.1.

One method to analytically calculate τbulk and S is to measure τeff at different substrate
thicknesses, and plotting 1/τeff versus 2/L to extract SRV and τbulk. Silicon and Ge
substrates were etched, hydrogen passivated, and measured at different thicknesses to
extract their respective τbulk and SRV. More details will be explained in Chapter 5.
The physical setup consists of a computer, a flash lamp, and a measurement stage.
Hardware and software requirements for the computer includes: (1) Pentium or faster
processor, (2) full-sized PCI card slot, (3) National Instruments 6111 card, and (4) Excel
2000. The flash lamp is a Quantum Q-paq flash system with a QFlash X5D flash head
and power supply. The setup also uses a 1000 nm IR-pass filter, which is inserted
between 2 white diffusers installed between the reflector and retaining rings. The IR-pass
filter controls the peak lamp intensity.
The measurement stage detects the light level and photoconductance. The stage
has a plastic housing that encloses a light level sensor, an RF inductor, and a RF bridge
circuit. The light level sensor detects the flash intensity, and the information is directly
sent to channel 1 (CH1) of the oscilloscope or computer. A 3-turn RF coil with an
estimated inductance of ~0.16 μH is placed directly under the wafer. The inductance was
calculated by measuring radius of the inductor to determine the coil length. The equation
used for the calculation was that of an air coil [12]. The inductor is attached to the stage
via two steel screws. Since lifetime measurements were taken in a manufacturing clean
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room, a Kimwipe tissue was placed between the wafer and the inductor to prevent
contamination from the screws.

Before measurements were taken, the system’s

calibration was checked with an undoped wafer, tuning the instrument to 100 mV by
adjusting a variable capacitor and a variable resistor that are parallel to the inductor. The
RF frequency is generated by a crystal oscillator at 13.56 MHz by Vectron [13]. Figure
3.3 shows a schematic diagram of the setup.

Figure 3.3. Schematic diagram of inductively coupled lifetime measurement
There are two measurement techniques: transient photoconductance decay method
and quasi-steady-state method. In the transient case, the effective lifetime is only valid if
the carrier lifetime is significantly longer than the decay time of the flash [14]. The
transient flash duration in this setup is 15 μs [13]. The transient decay method is a
“stand-alone” method that does not require precise calibration of the photoconductance,
and the results are also independent of the pulse intensity [13].
The photoconductance signal (PC) is a voltage pulse that corresponds to a change
in the RF bridge, which is proportional to conductivity. Figure 3.4(a) shows the PC
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signal and intensity signal from the light level sensor of a p-type, high resistivity, floating
zone (FZ), Si substrate with hydrogen surface passivation. The measurement is taken via
the transient PC decay method. Note the very short flash duration in blue compared to
the PC signal in red. Figure 3.4(b) is an exponential decay fit of the photoconductance,
giving a lifetime (τ) of 150 μs. The lowest and highest Si bulk lifetimes reported were
0.5 ms and 2 ms, and respectively, were used to calculate (Equation 3.1) an expected
range of SRV. Using L = 0.065 cm, expected SRV for a hydrogen passivated, high
resistivity, Si substrate range from 153 cm/s to 202 cm/s.

However, lifetime

measurements have up to a 17% uncertainty due to quick (about a few seconds apart)
consecutive strobe lamp flashes and hydrogen-passivation dependence, which will be
further discussed in Chapter 4.2. Including the 17% uncertainty extends the expected
SRV range from 121 cm/s to 249 cm/s.
Illumination at Reference Cell and PC Signal

60.0

0.030

0.025

Light Intensity (Suns)

Intensity (Suns)
50.0

PC signal

0.020

First point analyzed
40.0
0.015
30.0
0.010
20.0
0.005

10.0

0.0
0.0E+00

Photoconductance (Siemens)

70.0

5.0E-04

1.0E-03

1.5E-03

0.000
2.0E-03

Tim e (s)

Figure 3.4 (a). PC signal and light level intensity (in transient mode) for a high
resistivity, FZ, Si substrate which received a 2 minute DHF dip, rinse, and spin dry.
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Photoconductance Signal
1.0
Model: ExpDecay1
Fit y+Ae^(-(x-x0)/τ)
y
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x0
0.00019 ±0
A
0.9472 ±0.01359
τ
0.00015 ±3.2005E-6

0.8
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0.0
0.0

500.0µ
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Figure 3.4(b). Exponential decay fit of the photoconductance, giving a lifetime of 150 μs.
The exponential time dependence of the transient decay curve was used to measure
lifetimes in the wafer that are greater than 130 µs for our wafers [11]. However, for Si
and Ge/Si samples with shorter effective lifetimes, meaningful steady-state lifetimes were
difficult to extract due to effects like minority-carrier spreading that have a similar or
longer transient time as the recombination lifetime itself. That is, transport transients
become equally or more important than the recombination transient in determining the
rate of decay of the photoconductance signal. This was undesirable when trying to probe
the recombination lifetime in the material.
An alternative approach to overcome this problem is the QSS measurement [11].
Note that all QSS lifetime measurements were adjusted by a factor of 1.4 to compensate
for the conductance loss due to the kimwipe placed between the wafer and the inductor.
The QSS method uses a longer pulse time (i.e., pulse time >> Lsubstrate2 / Dn,p) to drive the
system into a quasi-steady-state, which allows much shorter recombination lifetimes to be
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examined. However, this method requires that the conductance be calibrated to the exact
carrier concentration.
Figure 3.5 shows the QSS PC signal and the intensity signal for a sample that has
nominally 600 Å of recrystallized a-Ge:H on a p-type Si substrate (Run 5458). Before
deposition, the Si substrate received a 2 minute diluted HF (DHF) dip and an in-situ Ar
sputter clean. After Ge deposition, the heterostructure was capped with a 250 Å of ICPCVD oxide (Figure 3.6) before a 900°C rapid thermal anneal (RTA). Subsequently, a 10
minute DHF dip was done to remove the oxide cap, followed by a lifetime measurement.
Note that the flash duration is comparable to the PC time. All lifetime measurements for
Ge/Si heterostructures are taken from the backside of the Si substrate.
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Figure 3.5 Intensity and PC signals of a Ge/Si heterostructure in QSS mode.
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Surface recombination at Ge edge (SGe)
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Figure 3.6 Recombination velocities in a Ge/Si heterostructure.
The effective lifetime equation related to this heterostructure is:
1
SSi
Seff
1
=
+
+
τeff
τbulk_Si
LSi
LSi

(3.2)

where Seff includes the bulk Ge lifetime, SRV of the Ge surface, and the recombination
velocity at the interface (Figure 3.6). The values used for SSi and τbulk_Si are extracted by
plotting the inverse lifetime versus the inverse of varying Si substrate thicknesses. More
details will be explained in Chapter 5.

3.5 Characterization Tools
3.5.1 Transmission Electron Microscopy
A transmission electron microscopy (TEM) was used to determine the quality of
the Ge lattice structure and the dislocation defects. TEM has many advantages over other
microscopy techniques. Phase contrast TEM can resolve as low as 2.5 Å (all-purpose
TEM) along the low index direction for lattice imaging, and less then 2 Å in high
resolution TEM or HRTEM.
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A TEM sample was prepared by first using an epoxy to glue two small pieces
(device or film side) of the wafer together, then polishing and ion milling it down to less
than 250 nm thick. Ion milling done using low energy (250-500 V) Ar ions with a low
incident beam angle (< 9°) minimizes the sample surface damage (amorphization) to as
low as 1.5 nm [15-17] which does not affect image obtainability.
formations were seen on our Ge samples.

However, void

Simpson, et. al, found that ion milling

produces grain-boundary grooving in Ge [18]. Once the sample is ready, it is loaded into
the TEM and bombarded with a highly-focused, monoenergetic (100 keV to 3 MeV)
electron beam [19]. The energy from the beam propagates through the sample and a
series of magnetic lenses (above and below the sample) which magnify the transmitted
electron signal (Figure 3.7).
Incident Electron Beam

Series of magnetic
objective lenses
Reflecting
Planes

Sample
Series of magnetic
objective lenses

Objective
Aperture

Diffracted Beam

Transmitted
Beam

Image Plane

Figure 3.7. Simple schematic representation of transmitted and diffracted beam ray paths
[19].
When the incident beam is incident upon the sample, not all of the electrons are
transmitted. Figure 3.8 shows some of the scattering mechanisms found. Transmitted
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and diffracted (elastic) electrons are used for imaging, while x-rays and inelastic
electrons are used by an energy dispersive spectrometer (EDS) and electron energy loss
spectrometer (EELS) for elemental analysis [19-21].

Elements in a sample were

determined by the amount of energy incident electrons has lost and the characteristic xrays each element produces. Electron diffraction allows analysis of crystallinity, grain
orientation, texture, and phase identification. Since the samples are on the order of submicron thickness and that Ge can tolerate high temperature, transmitted electrons pass
through Ge without causing much damage.
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light
X-rays

Back
scattered e-

Sample
Inelastic e-

-

Elastic e

Transmitted eFigure 3.8. Electron scattering mechanisms
TEM imaging is basically formed by 3 mechanisms: (1) thickness-mass contrast,
(2) diffraction contrast, and (3) phase contrast. Figure 3.9 shows three TEM images of
Ge/Si. The contrast between Ge and Si is due to the difference in mass, therefore known
as mass contrast. Mass contrast is independent of the crystal structure. Its intensity is
based on the scattering power of the element, where lighter elements absorb fewer
electrons than heavier elements. Diffraction contrast can image crystallinity and defects
such as threading dislocations induced by strain due to lattice mismatch (Figure 3.9b).
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Especially in single crystalline material, defects disturb the order of the lattice diffracting
electrons differently than the lattice. The contrast in poly-crystalline materials is due to
the orientation of the adjacent grains relative to the incident beam (Figure 3.9c). Highresolution TEM (HRTEM) was used to measure the thickness of thin films and to image
crystal structure. The sample was tilted so that a low-index direction is perpendicular to
the incident beam.

This allows all of the lattice planes parallel, or close to parallel, to

the incident beam to be close to the Bragg position, diffracting the incident beam.

The

diffracted beams are at a different phase with respect to the incident beam, thus the name,
phase contrast. All of the diffracted beams and the incident beam are collected by a
series of magnetic objective lenses. The interference between the beams lead to an
enlarged image of the periodic potential (Figure 3.11b).

Amorphous
oxide

Dislocations

Ge

Ge

Ge

Oxide
Epitaxial

Si

Si

Si

(a)
(b)
(c)
Figure 3.9 (a) TEM image of Ge/Si showing the mass contrast of Ge and Si. (b)
HRTEM image showing epitaxial Ge on Si and threading dislocations via diffraction
contrast. (c) TEM image of poly-crystalline Ge on Si by diffraction contrast.
3.5.2 Scanning Electron Microscopy
A scanning electron microscope (SEM) can give a highly magnified “quick look”
at surface structures when the object of interest cannot be resolved by an optical
microscope. The SEM is often compared to the TEM since both tools use focused
electron beams. Although SEM magnification ranges from 10x to 100,000x (300,000x to
36

500,000x for HRTEM) with a minimum resolution of about 20 Å, plan-view SEM
imaging and analysis are nondestructive [19, 22].
A focused electron beam is raster-scanned over a small rectangular area,
producing signals that create an image or for elemental analysis.

Signals include

secondary electrons, backscattered electrons, Auger electrons, beam-induced electron
pair generation (EBIC), and voltage-field enhancement (voltage contrast) [22].
Secondary electrons are collected by detectors whose outputs modulate the brightness of
a cathode ray tube (CRT), producing a 3-D image on the screen. Figure 3.10 shows the
beam interaction with a sample. Like TEM, the incident electron beam does not damage
the sample.
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X-rays
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Figure 3.10. When a focused electron beam hits the sample, both electrons and photons
are emitted from the surface [23].

SEM was used to view the Ge surface morphology. Figure 3.11a is a plan-view
SEM image of Ge. In this image, the craters and blisters occurred during Ge deposition.
Cross-sectional SEM was also used to determine the Ge thickness to validate
ellipsometry measurements which will be discussed in the next section. A cross-sectional
SEM was used to determine the origin of the blisters on the Ge surface (Figure 3.11b).
The image shows blisters where the Ge delaminated at the Ge/Si interface.
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(a)

(b)

Figure 3.11. (a) Plan-view (surface scan) SEM image of Ge with craters and blisters. (b)
Cross-section SEM of one of the blisters from (a), showing Ge delamination. Images are
from Lot MC054904A, compiled by Dr. Kent Childs.
3.5.3 Ellipsometry
Ellipsometry makes use of elliptically polarized light reflected from (or
transmitter through) a subject surface.

The technique measures the change in the

polarization state of the light reflected from the sample surface as well as the change in
intensity (or reflectance). The desired information, such as thin film thickness (single or
multiple layer), optical constant, and crystallinity, are subsequently extracted from a
model-based analysis that uses equations from optical physics (Snell’s Law, Fresnel
Reflection Coefficient, Beer’s Law, Brewster angle, etc.) to evaluate the interactions
between light and the material.
Ellipsometry can determine optical constants, crystallinity, single or multiple
layered thin film thicknesses, and many physical quantities that affect the optical
constant. The measured values are expressed as psi (Ψ) and delta (Δ) which are related to
the ratio of the Fresnel reflection coefficients, Rp and Rs for p-polarized and s-polarized
light shown in the equation below.
ρ = Rp/Rs = tan(Ψ)eiΔ
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(3.3)

The basic principal behind the ellipsometer used in this research is shown in the Figure
3.12. Elliptical polarization consists of x and y components of the electric field having
arbitrary phase and amplitude. A known elliptically polarized incident light is shone on a
sample, interacting with the material. The interaction causes a phase change in the
polarized light.
Elliptically
E p-plane
p-plane
E Elliptically polarize
polarized
light (with a phase
light (known)
change)
Incident
Plane
s-plane
s-plane

Sample

Light reflect from sample

Figure 3.12. Geometry of basic ellipsometry principal [24]
There are two types of light sources used: a laser or a lamp with a broad spectral
range. Spectroscopic ellipsometry (SE) requires a broad spectrum of wavelengths that
requires a lamp. Lasers, on the other hand, can only produce one wavelength. The
ellipsometer used in this thesis utilizes an arc lamp to perform spectroscopic
ellipsometry. A rotating polarizer, placed after the light source, converts the unpolarized
light beam into known elliptically polarized light, thus establishing the input polarization
state. Note that a rotating analyzer system requires that the light source be completely
unpolarized, since any residual polarization will cause measurement error [24]. The
elliptically polarized light is reflected from a sample and analyzed by a fixed polarizer
that measures the output polarization state before it is sensed by a detector (Figure 3.13).
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Figure 3.13. Schematic of an ellipsometer [24].
A general procedure for experiments can be reduced to 4 major steps. The first
step measures a quantity such as the reflected or transmitted beam intensity or the
polarization states depending on the parameter of interest. Next, a model is constructed
to predict what should be measured from a sample of known properties. Third, the model
is fit to measured data by varying unknown physical parameters. The model is then
regenerated to compare the experimental data to the calculated data. The LevenbergMarquardt multivariate regression algorithm was used to optimize parameters [23, 24].
Lastly, the best fit model was evaluated by looking at the mean square error (MSE) that
quantifies the difference between the experimental and calculated model. The regression
algorithm checks if the fit parameters are physically meaningful such as if there are zero
or negative thickness values. This algorithm also determines if the refractive index
decreases with increasing wavelength when the extinction coefficient is equal to zero. It
inspects the 90% confidence limits which combines information about the goodness of
the fit and the overall quality of the fit. It should be noted that ellipsometry works best
when the film thickness is not much smaller or larger than the wavelength of the incident
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light and when surface roughness is small.

Surface roughness can play a role in

measurement accuracy hence roughness should be less than 10% of the probe beam
wavelength. Uniformity of the film within the measured spot is also critical.
Figure 3.14(a) is a graph comparing the index of refraction and absorption
coefficient for crystalline Ge and crystalline Si at different wavelengths. Note that the
two are very dissimilar. Figure 3.14(b) compares the index of refraction and absorption
coefficient of amorphous and crystalline Ge.
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Figure 3.14. (a) A graph of index of refractions and absorption coefficients for Si and Ge
at different wavelengths used in by an ellipsometer. (b) Comparing amorphous to
crystalline Ge. The data for this graph is provided by Michael Busse of Sandia National
Laboratories.
3.5.4 Rutherford Backscattering Spectroscopy
There are 3 common uses for Rutherford backscattering spectroscopy (RBS): (1)
quantitative depth profiling, (2) areal concentration measurements, and (3) crystal quality
and impurity lattice site analysis. In this research, RBS is used for quantitative depth
profiling and areal concentration measurements.
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RBS is based on collisions between atomic nuclei. A sample target is bombarded
with a monoenergetic beam of high-energy (1 MeV to 3 MeV) ions, typically helium ions
(He±), and the energy of the backscattered incident ions is measured.

RBS is

nondestructive since it does not sputter atoms from the surface. However, the majority of
the incident ions is embedded in the sample and must be taken into consideration when
analyzing collected data. Figure 3.15 shows a simple RBS schematic.

Amplifier
Energy
Analyzer
Accelerating grid
He ion
source

θ

Mass
Filter
Wafer (in vacuum)

Figure 3.15. A general experimental schematic for Rutherford backscatter spectroscopy
(RBS).
The basic principle behind RBS is measuring the energy loss of backscattered incident
ions. Each atom, when collided with an incident ion of known energy, will absorb a
discrete amount of the energy from the incident ion (momentum transfer). Consequently,
the incident ion backscatters at a lower energy that can be characterized by Rutherford
Scattering to determine the elemental composition. Note that RBS is limited to high
mass chemical compositions such as arsenic (As) and antimony (Sb) in Si. RBS yield
increases with element atomic number, and the backscatter probability increases with the
square of the mass of the element. Therefore, heavier atoms are more sensitive since a
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significant amount of energy is transferred from the incident ions to the lighter atoms
during collision. Also, the RBS signal for atoms lighter than the substrate rides on the
substrate background while heavier atoms are displayed by themselves [19].
The thickness of the film or substrate is determined by the difference in
backscattered ion energy. An ion that collides with an atom at the substrate surface will
backscatter the ion with a different energy then when it collides with an atom deeper in
the substrate. In the latter case, the He ion will lose energy both from collision and from
having to travel into and out of the substrate before and after scattering, respectively
(Figure 3.16). This allows for depth profiling of the impurity atoms.

Surface

Incident ions
Impurity
atoms
Detector

Backscattered
ions

Figure 3.16. This diagram shows the energy loss process for backscattering. Some
energy is transferred from the incident ions to the impurity atoms during collision.
However, ions also lose energy when traveling into and out of the substrate.
Figure 3.17 is a RBS spectra of SiO2/a-Si/a-Ge on a Si substrate with incident He
ions at an energy of 2.8 MeV taken by James C. Banks of Sandia National Laboratories.
The purpose of this experiment was to determine the amount of hydrogen and argon, if
any, trapped in or between the deposited films. Table 3.2 is an estimate of each layer
thickness using the areal densities calculated from an RBS simulation with the collected

43

RBS data. The calculations were also done by James Banks using commercial software
(SIMNRA) written by Matej Mayer at the Max Planck Institute for Physics. The atomic
densities were calculated from the same program (for Si and Ge), and from elastic recoil
detection (ERD) software (for SiO2) written by Barney Doyle at Sandia National
Laboratories. “Center” and “top” found in the “sample” column are locations on the
wafer in reference to the flat-edge.

Back Scattering Spectra
+

(2.8 MeV He )
40000
Sample

#1
(x 6.60E17
at/cm2)
oxide cap
Si (RBS)
0.315
O (RBS)
0.664
H (ERD)
0.021

35000

Yield (Counts)

30000
25000

#2
(x 6.60E17
at/cm2)

Ge layer
Ge (RBS)

1.000

#2

0.315
0.664
0.021

(x 1.060E18
at/cm2)

20000

#1

Ge

(x 1.155E18
at/cm2)
1.000

O

15000
10000

Si

5000
0
50

100

150

200

250

Channel (Energy)

Figure 3.17. RBS spectra of Ge on Si
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300

Estimated Layer Thickness Using RBS/ERD
sample areal density atomic density thickness
2

3

(at/cm )

(at/cm )

(Å)

Center
SiO2
Si
Ge

1.225E+18
9.500E+17
6.800E+17

6.825E+22
4.979E+22
4.428E+22

1795
1908
1536

Top
SiO2
Si
Ge

1.230E+18
1.025E+18
1.030E+18

6.825E+22
4.979E+22
4.428E+22

1802
2059
2326

Table 3.2 Estimated layer thickness of deposited SiO2, a-Si, and a-Ge on a Si substrate.

3.5.5 Secondary Ion Mass Spectroscopy
Secondary ion mass spectroscopy (SIMS) can detect elements from hydrogen to
uranium as well as isotopes and molecular species using a mass spectrometer. SIMS uses
a narrow beam of incident ions to raster across the desired area. The ion bombardment
causes sputtering, ion implantation, and lattice damage. Most incident ions are lodged in
the lattice (up to 100 Å deep) displacing atoms within the sample. When the surface
atoms gain enough energy from the incident ions, the surface atoms are ejected as ionized
secondary ions. This process is known as sputtering shown in Figure 3.18. The escape
depth is a few monolayers for the sputtering elements (oxygen and cesium, typically) and
energies from 10 – 20 keV [26].
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Figure 3.18. Ion bombardment causing ion implantation, sputtering, and lattice damage
[19].
Most sputtered atoms are neutral and cannot be detected. About 1% of the
sputtered atoms are positive or negative ions which are collected and accelerated to a
mass spectrometer. The mass-to-charge ratio of the ions are analyzed and detected as
either a mass spectrum, a count, or displayed on a CRT. Figure 3.19 shows a simple
SIMS schematic.

Figure 3.19. Simple SIMS schematic [27].
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There are two types of SIMS measurement: dynamic mode and static mode.
Static mode is performed at a low sputter rate (~1 Å/hour [26]) or at a low (1-10 keV)
incident ion energy. Static mode measures elements from a mass spectrum, and does not
destroy the lattice. Only a few monolayers of the surface are sputtered off. Dynamic
mode is done at a high sputter rate (~10 μm/hour) [26]. It can measure several impurity
concentrations or dopants versus depth or lateral distribution at trace levels.

The

measured quantities are converted to concentration and trace impurity content as a
function of sputtering time. This is done if the substrate’s sputter rate is known for the
incident ion and ion energy or if it can be measured after the sputter is complete.
Concentration versus depth can be extracted if the depth of the sputtered crater is
measured. However, converting data count into chemical species concentration is not as
simple since sputtering yields, collection efficiency, ionization efficiency, and detection
sensitivity are only approximately known and can change from run to run. The current
process calibrates each impurity immediately before or after the measurement, or it uses
implanted samples since their concentration and depth profiles are well known.
SIMS have high price and is time consuming. The data collected are limited by
surface planarity due to surface sputter erosion rate. Abrupt interfaces are also hard to
measure, and incident atoms can redistribute impurities compromising sharp
concentration profiles.

Nevertheless, in this work SIMS was extremely useful in

quantifying trace elements (e.g. C, O, Al, etc.) in the Ge/Si heterostructures.
SIMS sensitivity is also higher than RBS [19] that was unable to pick up the
carbon and oxygen impurities at the Ge/Si interface. For epitaxial-Ge growth, SIMS
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helped determine the usefulness of inserting an in-situ, low energy GeH4 clean step to
help remove surface contaminants on the Si substrate before Ge deposition. The results
will be discussed in Chapter 4.

3.5.6 X-Ray Diffraction
X-ray diffraction (XRD) is a contactless, nondestructive characterization
technique that identifies crystalline phases, measures structural properties such as strain
and crystallinity, characterizes defects, and determines atomic arrangements for
amorphous materials and multi-layered samples. A collimated beam of X-rays with a
typical wavelength of 0.7-2 Å (6-17 keV) is incident on a sample. Diffraction occurs
when Bragg’s Law is satisfied:
λ = 2d sinθ

(3.4)

where d is the spacing between atomic phase planes in crystalline phase.
When a X-ray beam hits an atom, the electrons surrounding the atoms starts to
oscillate at the same frequency as the incident beam [28]. Since the atoms in a crystalline
substrate are arranged in a regular pattern, there are only a few directions of constructive
or in phase interferences, allowing well-defined x-ray beams to leave the sample in
various directions as diffracted x-rays. Therefore, a diffracted beam is a large collection
of scattered rays overlapping one another. The sample must be oriented so that the angle
between the incident x-ray beam and the sample is the Bragg angle, θ. There is only one
sample orientation for each plane for a single crystal or epitaxial thin film.

Poly-

crystalline samples have a distribution of orientations since diffraction will occur at any
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plane that meets the Bragg condition. The diffracted x-rays are detected as a cone with
an opening angle of 2θ [19].
The diffraction intensity is measured as a function of the diffraction angle, 2θ, and
the sample’s orientation. It is highly dependent on the atom type and the electron
density; the higher the electron density, the greater the intensity. Figure 3.20 shows basic
XRD diagrams.
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Figure 3.20. Basic XRD diagrams [19].

Rocking curve measurements were used in this work to determine the crystallinity
and orientation of the films deposited on the Si substrates.

A rocking curve plots

diffracted intensity versus θ with the incident beam kept constant and the detector fixed at
2θ. It measures a single Bragg peak as the sample is tilted within the diffraction plane.
Epitaxial films have a main sharp rocking curve peak that broadens with defects such as
threading dislocations and strains. Crystallinity can also be determined by the FWHM of
the peak. Figure 3.21 shows gallium nitride (GaN) initially deposited at 550°C, and
subsequently annealed at 950°C, 1020°C, and 1050°C by J.-H. Lee, et. al [29].

They

described that as anneal temperature increased, the GaN formed larger polycrystalline
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islands, thus the decrease in FWHM due to less change in intensity of the diffracted Xray. Epitaxial GaN was achieved at 1050°C giving it the sharpest peak and least amount
of change in intensity.

Figure 3.21. XRD of GaN initially deposited at 550°C, and subsequently annealed at
950°C, 1020°C, and 1050°C, where epitaxial GaN was achieved at 1050°C [29].
3.5.7 Atomic Force Microscopy
Atomic force microscopy (AFM), also known as scanning force microscopy (SFM)
or scanning probe microscopy (SPM), measures the force between a very sharp probe
mounted on a cantilever and a sample surface. The cantilever can have a spring constant
more than an order of magnitude lower than the spring constant between 2 atoms [19].
The AFM has three basic imaging modes: contact, non-contact, and tapping mode. The
contact mode imaging is greatly influenced by tip attraction; an image is formed by
dragging the tip across the sample surface. Because surface tension forces can pull the
tip down, the sample can be damaged distorting the image. Non-contact mode imaging,
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on the other hand, does not provide high resolution. The imaging mode used in this
research was tapping mode.
In tapping mode, the cantilever is oscillated in ambient air near the cantilever’s
resonant frequency at very high amplitude. The oscillating frequency is produced by a
piezoelectric crystal. The tip is lowered towards the surface until it is slightly touching or
tapping the surface. The tip is then rastered across the surface decreasing in amplitude
when it encounters a bump since there is less room to oscillate. When the tip encounters
a divot, the amplitude increases due to more oscillating room. The amplitude changes are
sensed by a laser and a detector. A laser beam is focused on the cantilever and reflected
towards a detector. Subsequently, the detector sends the data to a computer which
records and maps the amplitude change. In order to detect changes in amplitude, the
computer also controls the amplitude via a feedback loop system. Once a change is
detected, the computer adjusts the tip-sample separation to maintain constant amplitude
and force on the sample [30-32]. Figure 3.22 is a simple schematic of a typical tapping
mode AFM.

Computer
Laser Beam
Detector

Piezoelectric
Crystal
Sample Surface

Figure 3.22. Simple schematic of a tapping mode AFM.
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Tapping mode’s large oscillation amplitude prevents tip stiction.

The large

amplitude prevents pull on the surface material since the only applied force is vertical.
Although tapping mode AFM has high resolution, it has some limitations. One limitation
is imaging deep fissures. If the tip is not long enough, or thin enough, to reach the
bottom of the recess, a square fissure will be misrepresented as a wedge trench [32]. The
AFM also cannot properly image undercuts (Figure 3.23a) since the tip cannot access the
area, nor can it accurately interpret angles steeper than the tip’s own angle (Figure 3.23b).

(a)

(b)

Figure 3.23. Tapping Mode AFM cannot properly image (a) angles steer than the tip, and
(b) undercuts.
In this work, AFM was used to examine surface roughness to give a qualitative
idea of the density of defects in the Ge film such as threading dislocations terminating at
the surface. Figure 3.24 is an AFM image of a processed wafer that received a 2 minute
DHF dip and an in-situ Ar sputter clean before depositing 600 Å of a-Ge:H and capped
with 250 Å of ICP-CVD oxide. Subsequently, the wafer saw a 1050°C RTA before
removing the oxide in DHF.

During the high-temperature anneal, the a-Ge:H

recrystallized into poly-crystalline Ge with large grains facing various directions and
grain boundaries. The grain boundaries create an unsmooth surface with hillocks. AFM
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measured the RMS roughness to be about 17 Å. A low defect Si substrate has a RMS
roughness of about 3 Å.

Figure 3.24. AFM image of high-temperature annealed Ge with large grains revealing a
qualitative image of the defects in the Ge.
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CHAPTER 4
DEPOSITION TECHNQUE AND FILM ANALYSIS

4.1 Introduction
Low-defect Ge/Si heterostructures requires minimization of oxygen and carbon at
the silicon surface so that when Ge is deposited on the Si surface, these elements are not
trapped at the interface. Residual oxygen and carbon surface concentrations have been
correlated with an increase in defectivity and undesirable formation of electrically active
defects. This chapter begins with a discussion of different types of surface cleans: ex-situ
and in-situ and then describes experiments to determine the rate of hydrogen passivation
loss on (100) Si and (100) Ge surfaces when exposed to air. These experiments were
necessary to establish confidence that hydrogen passivated (i.e., sub monolayer oxygen
coverage) surfaces could be prepared and transferred to the load-lock of the Ge
deposition chamber even after exposing the wafers to air.
Because ex-situ cleans leave sub-monolayer concentrations of residues like
oxygen and carbon, in-situ cleans are commonly used to improve upon the ex-situ clean.
In-situ Ar sputtering and germane (GeH4) cleans are explained in 4.2.2. Section 4.3
details the Ge deposition techniques and the different methods used to achieve
crystallinity. That section also includes film analysis using characterization techniques
such as TEM, XRD, SIMS, and ellipsometry.

4.2 Surface Cleans

56

Native oxide and organic contamination degrades device performance [1, 2].
Different surface cleans are available to remove the native oxide formed from long
exposure to air. However, not all cleans can prevent reoxidation. Carbon is much harder
to remove and so must be minimized. Ex-situ cleans are chemical cleans or dry etches
done outside the processing chamber. In-situ clean indicates that the clean is performed
within the processing chamber typically under vacuum.

This section discusses the

different ex-situ and in-situ cleans available.

4.2.1 Ex-situ Clean
A first step to preparing a good Ge/Si heterostructure is to remove the native
oxide on the silicon substrate before Ge deposition. Silicon (100) p-type, 2-50 Ω-cm
wafers were used in this research unless otherwise noted. To remove the native oxide, all
of the wafers were dipped into diluted hydrofluoric acid (100:1 DI: HF), or DHF, for 2
minutes before being submerged in a deionized (DI) water rinse bath to remove excess
HF. The wafers were subsequently placed into a spin, rinse, dry cycle unless otherwise
noted. Other ex-situ cleans such as 5:1 DI: HF (5:1 HF), vapor HF, and plasma etching
were available, but for reasons explained in the following sections, they were not used.

4.2.1.1 Hydrogen Fluoride Oxide Etching and Resulting Hydrogen Passivation of
the 100 Silicon Surface
Although disagreements exist over how hydrogen passivates the silicon surface,
there is agreement that hydrogen surface passivation retards the rate of surface oxidation
[1-8]. For Si (100) the passivation is inhomogeneous (Si-H, Si-H2, and Si-H3 bonds),
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creating an atomically rough surface. For Si (111) a monolayer of hydrogen passivates
the surface achieving an atomically flat surface. Figure 4.1 shows a simple diagram of
hydrogen passivation. Oxygen from the air first attacks the Si-Si back bond while the SiH bonds are still in tact during the initial stage of Si oxidation [9, 10].

H

H H

H

H H

Si

Si

Si

Si

O

Figure 4.1. Cartoon of silicon surface hydrogen passivation to qualitatively show oxygen
from air first attacking the Si back bond while Si-H bonds are still in tact.
A commercially available Si wafer usually has a native oxide layer ranging from
7-30 Å [3, 11, 12]. This oxide layer can be easily dissolved in an aqueous HF solution by
the following chemical reaction [13]:
SiO2 (s) + 6 HF (aq) Æ H2[SiF6] (aq) + 2 H2O (l)
Many researchers have reported that an HF dip terminates surface dangling bonds with
hydrogen. In this work, a minority carrier lifetime comparison between surfaces prepared
in 5:1 HF and DHF was done to determine which solution provided better hydrogen
passivation.

Each etch had 2 minutes of dip time in the HF solution, followed

immediately by a rinse and spin dry before lifetime measurement. The 2 minutes dip
time was found to be sufficient to remove native oxide as evidenced by the surface
hydrophobicity. Native oxide is hydrophilic; water will wet the surface. A hydrogen
passivated Si wafer, in contrast, is hydrophobic. Visual examination of wafers dipped for
1 minute in DHF showed the surface was not completely hydrophilic. The minority
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carrier lifetime was measured to be 366 μs.

A 2 minute dip resulted in a completely

hydrophobic surface and lifetimes between 565 μs to 591 μs. The longer lifetimes and
visual indication that the surface was more hydrophilic after a 2 minute DHF dip suggests
that the surface was still partially oxidized after a 1 minute dip. Since 5:1 HF has a faster
etch rate than DHF, different dip times were not tested. The 2 minutes DHF etch
measured a lifetime of 591 μs while 2 minutes in 5:1 HF measured a lifetime of 565 μs.
AFM measures a roughness of 1.3 Å (RMS) after a 2 minute DHF dip.
This experiment was repeated several times with consistent DHF results but
varying 5:1 HF results. Lifetime measurements of 5:1 HF dips made at the beginning of
the work week were much higher than lifetime measurements made at the end of the
work week. However, lifetime measurements taken with a freshly poured 5:1 HF baths
were consistent. Since all experiments were done in a process fabrication facility, it is
believed that the varying 5:1 HF results were due to high usage of the etch bath depleting
the fluorine ions, whereas the DHF bath is not frequently used. Both DHF and freshly
poured 5:1 HF produce similar lifetimes, however, DHF was chosen for consistency.
Although the difference in lifetimes is small between the different concentrations
of HF dip, it is qualitatively consistent with previous measurements using
photoluminescence intensity as a measure of lifetime [14]. In 1988, Takahagi et al.
reported that fluorine content increases with HF concentration and is independent of
immersion time as long as the time was sufficiently long enough to completely remove
the native oxide [5]. It is possible that the increased presence of fluorine either enhances
oxidation during exposure to air or directly reduces the surface passivation; however, this
hypothesis was not pursued further.
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We also note that vapor HF is also being examined. Vapor HF uses HF in liquid
form and isopropyl alcohol (IPA) vapor. The IPA removes any water formed during the
etching process making it a rinseless process, and offers a potential improvement because
exposure to water has also been proposed to be a path to more rapid oxidation of the
surface [14, 15]. AFM measures a roughness of 2.2 Å (RMS). Characterization of the
heterostructure lifetimes formed with this ex-situ clean is currently being studied and is
of particular interest because of the reduced water exposure, which might lead to benefits
in the reduction of overall residual oxygen or carbon at the surface.

4.2.1.1.1 HF Passivation Lifetime Decay
The DHF dip leaves a hydrogenated Si or Ge surface that reduces the surface
recombination velocity (SRV) by as much as four orders of magnitude [16], therefore, the
lifetime is a measure of the amount of hydrogen passivation there is at the surface. The 5
μs lifetime of an undipped Si substrate is much lower than DHF dipped samples of 591
μs. The native oxide/Si surface recombination clearly dominates the effective lifetime
when no hydrogen passivation exists.

Water emersion and exposure to air reduce

hydrogen termination through room temperature oxidation of the exposed surfaces. It is
therefore important to know how rapidly the surface passivation breaks down in air on
the Si and Ge surfaces. Effective lifetimes of the hydrogenated Si (100), p-type and
Umicore 6” Ge (100) p-type (~10 Ω-cm) were measured as a function of time in air to
determine how quickly the lifetime changes (Figure 4.2).
Silicon passivation decays with an exponential dependence and a relatively long
time constant of 20 minutes consistent with previous report of Si passivation [7, 8]. Ge
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passivation breaks down with a 3rd order exponential decay that was best fit by the time
constant 2.3, 13.2, and 384 minutes. The more rapid time dependence on the hydrogen
passivation of Ge is the greatest time limitation in making measurements of passivated
Ge/Si heterostructures. Quasi-steady state measurements were done to determine the
lifetime. All lifetime measurements were done within 8 minutes of removal from the
etch bath to minimize the loss of passivation.

Si dipped in 5:1 HF
Si dipped in 100:1 HF
Ge dipped in 100:1 HF

Lifetime (μs)

1000

100
0

10

20 30 40 50 60
Minutes after HF dip
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Figure 4.2. Minority carrier lifetimes in hydrogenated Ge and Si substrates after DHF
dip. The measured lifetime dependence on time (geometric shapes) is fit to an
exponential time dependence (solid lines). Note that time after HF dip includes rinse and
dry.
Due to the time dependence of the passivation, there was appreciable wafer to
wafer uncertainty in the measured effective lifetime. Two sources of error were flash
frequency and oxidation of the surface. Uncertainty produced by the strobe lamp flash is
primarily because several flashes/measurements were taken to establish a lifetime,
however, this process produces uncertainty because it was found that consecutive strobe
lamp flashes result in an increase in lifetime at short times. To examine this effect more

61

carefully, a comparison of lifetimes was done for rapid flashes compared to flashes
spaced with longer intervals over time. Figure 4.3 shows lifetimes taken at 1 minute
intervals up to 20 minutes after the wafer was removed from the bath.

900

~7 min between measurements
1 min between measurements

800
700
Lifetime (μs)

600
500
400
300
200
100
0

0

10 20 30 40 50 60 70 80 90 100 110 120 130
Minutes after DHF dip

Figure 4.3. Hydrogen surface passivation decay due to 1 min interval flashes versus ~7
min interval.
The reason for this effect has not yet been determined. A ICP-CVD silicon nitride
(Si3N4), nominally 1000 Å, was deposited on both sides of a Si substrate. It measured an
effective lifetime of 23.5 μs, regardless of the frequency of flashes. This led us to believe
that the fluctuation in lifetimes is due to the chemistry of the hydrogen passivation, not
the lifetime setup. We estimate that the variability in time between removal from the
bath and completion of the lifetime measurement leads to an additional ~17% uncertainty
in sample to sample lifetime. We estimate that this is the largest source of uncertainty.

4.2.2 In-situ Clean
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Although HF is a good passivation for surface reoxidation, it is not a good
passivation for hydrocarbon contaminants [1]. Previous studies showed that hydrocarbon
contaminants are found on HF passivated silicon surfaces because the purity level of the
HF solution, and the rinse water is insufficient [3]. Carbon contamination can also
accumulate from organic molecules in the air and the process chamber. Incomplete
cleaning before epitaxy can leave residual contamination such as oxygen and carbon, and
is known to increase defect density and lower lifetimes [17]. Therefore, an in-situ clean
was used to minimize these contaminations.
The Ge deposition was done in a high density plasma chemical vapor deposition
chamber. High temperature hydrogen cleans, that are available for standard low pressure
and high pressure CVD, were not available in this system. Reports of successfully
reducing surface contaminants with plasma cleans have, however, been reported [18-23].
Plasma cleaning uses highly reactive neutrals and ions that bombard the wafer surface.
The neutrals react with the surface producing volatile species that desorb and are swept
away via a chamber pump. Ion bombardment can also remove contaminants. However,
a challenge to this cleaning method is that a plasma clean can also amorphize and
roughen the substrate surface. With a high enough plasma potential, plasma cleaning
could also introduce impurities into the silicon bulk damaging the lattice [24, 25].
Another concern is that many plasma chemistries do not passivate the wafer surface,
which allows immediate sticking of any trace species in the vacuum. Argon (Ar)
sputtering and an Ar/GeH4 gas mix are compared in this section.

4.2.2.1 Argon Sputtering
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Argon sputtering uses Ar ions that are extracted from Ar plasma. They are
accelerated by an electric field towards a Si substrate to remove surface atoms. The Ar
ions dissipate their energy by momentum transfer to surface atoms, some of which are
residual contaminants on the silicon surface. When the surface atom gains enough
energy, it desorbs and is pumped away. In this work, an Ar sputtering step was examined
to see whether it would clean (i.e., remove any residual surface oxygen or carbon). A 3
second Ar sputter clean was examined and had a measured oxide sputter rate of
approximately 25 Å/sec. The sputter power was 1700 W from the top and 2100 W from
the side. The Ar gas flow was 110 sccm from the side and 16 sccm from the top.
It is known that sputtering can amorphize and roughen surfaces.

Surface

roughness was measured using AFM. The RMS roughness measurements of a bare
silicon substrate and of a silicon substrate that saw an ex-situ DHF dip and an in-situ
argon sputter were 2.9 Å and 1.9 Å, respectively [26]. Thus, an in-situ Ar sputter does
not introduce more surface roughness. The AFM RMS roughness values were taken after
the image was flattened, so that the reference point used to determine height deviation
was the average of all of the points imaged. TEM measurements were also made on
samples that received an Ar sputter clean followed by a germanium deposition. Figure
4.4 shows a TEM of a 40 Å amorphous Si layer buried below the Ge, which presumably
resulted from the Ar sputtering step. The oxygen areal density, or the number of oxygen
atoms per unit area, at the Ge/Si interface shown by SIMS was about 5x1014 cm-2, which
was slightly below a monolayer of oxide [26].

64

Si

Ge

Figure 4.4. Hydrogenated amorphous germanium on a silicon substrate that had an exsitu DHF dip and an in-situ argon sputter.
A lifetime measurement comparison between samples that received an in-situ clean
and samples without is presented in the rapid thermal anneal section in this chapter.

4.2.2.2 Non-amorphizing Argon/Germane Plasma Clean
One drawback to a sputter clean is that it amorphizes the surface region. This can
be undesirable if single crystal growth is desired. Epitaxial growth requires that oxygen
and carbon contaminants be removed from the silicon substrate surface to allow for
deposition atoms (e.g., Ge in this case) to coherently attach to Si lattice sites, but without
destroying the crystal structure of the surface.
Much research has been done on the removal of oxygen and carbon from Si by
reactions with absorbed Ge. A key factor is to thermally rather than electronically
remove the carbon and oxygen. Using thermal energies does not induce bombardment
related lattice damage [19, 20, 23]. Hence, the motivation behind an in-situ GeH4 clean
is that this clean is performed at low energy, allowing the removal of carbon and oxygen
without amorphizing the surface.
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To study whether GeH4 can assist in removal of oxygen from the surface, an insitu Ar and GeH4 (Ar/GeH4) plasma was used before the Ge deposition step. The
Ar/GeH4 gas mix used 1% Ge. During the clean, no additional Ar was flown. The
Ar/GeH4 mix was flown at 50 sccm at 3000W with a peak temperature of 460°C.
Three possible surface reactions are [18, 19]:
GeH4 + SiO2 + Ar Æ H2O↑ + H2↑ + GeO↑ + Ar↑ + Si
GeH4 + SiO + Ar Æ GeO↑ + 2H2↑ + Ar↑ + Si
GeH4 + SiO2 + Ar Æ GeO↑ + SiO↑ + 2H2↑ + Ar↑ + Si
where ↑ signifies gas state. Although at low thermal temperatures, GeO sublimates much
faster than SiO (~105 times) [19], the sublimation rate of GeO is unknown at the substrate
temperatures in this work. At this point, the dominant specie [H2O, GeO, SiO, or Ar
(sputtering)] removing the residual oxide was also unknown. A clear change from
amorphous or poly-Ge growth to epitaxial Ge on Si was achieved when the Ar/GeH4
clean was introduced before initiating the epitaxial growth. This will be further discussed
in Section 4.3.
Different in-situ clean times were performed to test whether the Ar/GeH4 mix
removes carbon and oxygen at low energy. This also allowed us to find an optimum
clean time. We expected that the longer the clean time, the more oxygen and carbon
would be removed, until all of the oxygen and carbon were gone. Each wafer received a
2 minutes DHF dip before entering the deposition chamber. Before the in-situ clean step,
there was a 180 seconds warm-up step flowing 50 sccm of Ar from the side at 3000 W
and at 1 mtorr. After the in-situ clean, a nominal thickness of 4000 Å of Ge was
deposited.
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SIMS measurements for areal density of carbon and oxygen at the Ge/Si interface
were made on a sample that did not receive an in-situ clean, and on samples that saw
either a 300 or a 600 second in-situ Ar/GeH4 clean. The results show a dramatic decrease
in carbon concentration but only a slight decrease in oxygen concentration (Figure 4.5).
TEM done on a 300 second cleaned sample showed epitaxial growth of Ge at the
Ge/Si interface between amorphous regions (Figure 4.6). These amorphous regions were
most likely oxide, which was consistent with the SIMS results. This shows that the
Ar/GeH4 clean does not remove all of the residual oxide at the interface, consistent with
the high oxygen detected by SIMS at the interface. Longer clean times show smaller
oxygen concentration suggesting that improved interfaces could not be achieved with
longer cleans.
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Figure 4.5. Areal density of oxygen and carbon at the Ge/Si interface after different
times of 1 mtorr, Ar/GeH4 plasma surface clean before Ge deposition. [20]
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Figure 4.6. TEM image showing residual oxide at the Ge/Si interface and epitaxial Ge.
4.3 Germanium Growth
Several different approaches to depositing Ge on Si (after the ex-situ and in-situ
clean) were examined in this work. One of the underlying goals was to develop a
material stack that could be used for NIR detection for applications like optoelectronic
data transfer and imaging. For these applications, poly-crystal or single crystal Ge was
believed to be better particularly in cases where response time (i.e., data transfer) is
important. We therefore examined different ways to form crystalline forms of Ge on Si.
This included solid phase recrystallization of deposited amorphous Ge as well as direct
deposition of poly-crystalline and single crystal Ge.

4.3.1 Hydrogenated Amorphous Germanium
Amorphous Ge is less dense than crystalline Ge by as much as 30% [27]. It lacks
lattice periodicity and has tetrahedrally coordinated networks [28, 29]. If local bonding is
not fulfilled during film growth, a variety of defects such as dangling bonds, vacancies,
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and voids are formed [28]. Hydrogenation with atomic hydrogen decreases the density of
defects [29, 30]. Hydrogen does not substitute for Ge atoms but it satisfies dangling
bonds in the bulk and at the surface of voids [28, 29, 31]. A result of this hydrogenation
is that these films can be used for photoelectric devices [29], however, as previously
stated our interests were for devices that could respond quickly (i.e., communications and
imaging). So post-annealing of the amorphous films to recrystallize them was the goal
for this work.
An initial study was done to establish a relatively uniform hydrogenated
amorphous Ge (a-Ge:H) layer on the 6” wafers. Unless otherwise noted, a 2 minutes
DHF dip, rinse, and spin dry followed by a 3 second in-situ Ar sputter step was done on
each wafer before deposition. To achieve plasma uniformity, the power, pressure, and Ar
gas flow were varied. A nominal 150 Å film was deposited on top of 1000 Å of oxide.
The original recipe called for 200 W of top coil power, pressure set to 25 mtorr, and a
flow of 50 sccm and 300 sccm of argon gas from the top and the side, respectively.
Back-side cooling or a warm-up step was not used in this experiment.

Figure 4.7

summarizes the dependence of the average a-Ge:H film thickness and the standard
deviation on parameters like Ar flow and chamber pressure during deposition. Figure
4.7a shows the dependence on power while keeping the top Ar gas flow constant at 50
sccm and the pressure constant at 25 mtorr. The standard deviation shows that the
optimal power for plasma uniformity is 175 W. Varying the side and the top coil powers
simultaneously, while keeping pressure and gas flow constant, decreased uniformity.
Figure 4.7b varies top Ar gas flow while keeping the power constant at 200 W and the
pressure constant at 25 mtorr. Varying the top gas flow did not seem to change the film
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thickness by much, and the standard deviation shows that the optimal top Ar gas flow
was at 50 sccm. Figure 4.7c shows how varying pressure affects the thickness and the
standard deviation while keeping the power constant at 200 W and the top Ar gas flow at
50 sccm. The difference in film thickness between the center and edge increases with
pressure. The standard deviation shows that the optimal pressure is 10 mtorr. Lower
pressure is correlated to fewer ion collisions per second, therefore, one hypothesis to
explain the observed pressure dependence is that the lower pressures allow ions and
molecules to have a longer mean free path leading to a more uniform distribution in the
gas phase and across the wafer.
The subsequent a-Ge:H depositions for recrystallization studies were done at a
power, pressure, and top Ar gas flow of 175 W, 12 mtorr, and 50 sccm, respectively.
Although set to 10 mtorr, the measured total pressure was 12 mtorr with a germane
partial pressure of 65 μtorr. The standard deviation of the film thickness across the entire
wafer is 2.54%, and the deposition rate is 2.7 Å/s.
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Figure 4.7. Film thickness and standard deviation percentage (a) with various top coil
power keeping Ar gas flow (50 sccm) and pressure (25 mtorr) constant, (b) with various
Ar gas flow keeping pressure (25 mtorr) and power (200 W) constant, and (c) with
various pressures keeping the power (200 W) and Ar gas flow (50 sccm) constant.
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Figure 4.8 is a TEM image of 3850 Å of a-Ge:H capped with oxide. The first 800
Å of the a-Ge:H film is void-free, but finger-like voids appear as the film thickness
increases.

These finger-like voids are believed to be surface stress induced and

consistently initiate at thicknesses above ~ 600 Å [26]. Because voids are typically
undesirable for crystalline detectors, thick a-Ge:H layers were avoided for
recrystallization studies and thicknesses below 600 Å were used. We note that after this
work was completed it was realized that the voids could be suppressed through the
introduction of a small bias voltage [26].

Si

Ge

Figure 4.8. Approximately 3850 Å of hydrogenated amorphous germanium capped with
oxide. Finger-like columns produced after 800 Å. Films less than 800 Å are void free.
4.3.1.1 Crystallization Using Rapid Thermal Anneal
Crystallization is a thermally activated process that can either be seeded by an
existing crystalline boundary or nucleated by spontaneous formation of crystal nuclei.
The crystallization of amorphous Ge can occur at temperatures as low as 300°C when
deposited on a single crystal substrate [32]. Crystallization is due to bond reformation,
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point defect generation/recombination and the rearrangement of atoms in the amorphous
material to a lattice-site position [33, 34].

The rearrangement is controlled by the

generation of mobile point defects at the growing interface [33].

The rate of

crystallization is highly dependent on the crystal orientation of the underlying material.
The crystallization rate is fastest in the <100> direction and slowest in the <111>
direction [32, 34] due to the number of available growth sites along the different
orientations.
All a-Ge:H samples received a rapid thermal anneal (RTA) unless otherwise
noted.

The annealed samples were capped with an ICP-CVD oxide to prevent Ge

evaporation [35] prior to rapid thermal annealing between 400-1050ºC for 5-30 minutes
in nitrogen ambient. The ramp rate was nominally 125ºC/sec. The annealing affects on
the crystallinity and lifetime of the poly-Ge was subsequently examined by TEM, and an
inductively coupled photoconductance lifetime set-up, respectively.

Lifetime

measurements were taken after the oxide caps were removed in a 10 min DHF dip.
Figure 4.9 compares the measured Si backside effective lifetime of 250 Å thick
poly-Ge/Si heterostructures with and without an in-situ Ar sputter clean before Ge
deposition. The lifetime of an undipped Si substrate is 5 µs, and when compared to DHF
dipped samples shows that the native oxide surface recombination clearly dominates
lifetime. The Si substrate lifetimes depends on RTA as well.
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Figure 4.9. Temperature versus lifetime of poly-Ge on Si using various recrystallization
thermal budgets or direct deposition. Typical Si substrate lifetime dependence on anneal
temperature also monitored along with directly deposited poly-Ge with and with out insitu Ar clean.
The large confidence intervals for the 450°C anneal case are due to the fluctuations
in the lifetime measurements. This experiment was repeated several times, but the
lifetime varied as much as 200%.
The introduction of a polycrystalline Ge (poly-Ge) layer clearly lowers lifetime.
Inserting an in-situ Ar sputter clean before amorphous Ge deposition slighty improves
lifetime. XRD (004) reflections show crystallinity of the Ge layer (Figure 4.10a). Higher
temperatures appear to produce more single-crystals coherently oriented with the Si (001)
substrate. That is, the increase in signal from the Bragg satellite peak corresponding to
the Ge lattice constant indicates that the (001) oriented Ge domain in the Ge layer
increases with increasing temperature. Normalizing the integrated satellite peaks with the
integrate silicon peaks (Figure 4.10b), offers a more quantitative measure of the relative
crystallinity with higher temperature anneals.
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Figure 4.10. (a) XRD 004 reflections (taken by M.S. Carroll). (b) Integrated germanium
intensity normalized with integrated silicon intensity.
Different recrystallizing temperatures are known to significantly affect poly-Ge
grain size, orientation, and the degree of porosity. TEM images of the crystallized layers
indicate that the grain size in the poly-Ge varied from very small (d ~ 10 nm) to very
large (d > 200 nm) depending on the poly-Ge formation method, (Figure 4.11). Note that
for the very large diameter poly-Ge cases, TEM is unable to distinguish if the growth is
epitaxially grown, since the grain size is larger than the TEM view. Lower temperature
recrystallization (i.e., 450-600ºC) formed smaller grains with voids and little or no
coherent orientation of the grains to the underlying substrate (Figure 4.11a). There was
little coherence with the (100) substrate, which are consistent with XRD results. Higher
temperature anneals, on the other hand, form larger grains that are also more coherent
(i.e., aligned) with the substrate (Figure 4.11b).
The melting point of Ge is at 937°C at atmospheric pressure. Recent reports
suggest that defect free single crystal Ge can be produced using liquid phase epitaxy
(LPE) in combination with a local seeding site. We therefore also examined a few
samples that were annealed at 940°C and higher temperatures. The ICP-CVD oxide cap
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helps prevent Ge from flowing randomly [36]. Since the Si melting point is much higher
than 1050°C—highest anneal temperature used—the Si substrate remains solid during
this process. Note: the annealed wafers remained in the RTA chamber to cool down
before characterization.
One potential drawback to this method using a blanket deposition of amorphous Ge
is that melting the entire film could allow random nucleation of single crystals during the
cool down. If this were the case, a poly-crystalline film would be expected rather than
single crystalline. TEM showed a high density (as high as 500 voids μm-2) of porosity in
the film with some of the largest pores at the Ge upper surface (Figure 4.11c).

450°C, 30 min, N2

900°C, 5 min, N2
Ge

Ge

Si

Voids

Si

1050°C, 5 min, N2
Pores

Ge

Si

Figure 4.11. TEM images of (a) a low temperature recrystallization with grains, (b) 900
ºC anneal with voids and dislocations, (c) LPE of 600 Å Ge with large pores.
4.3.2 Direct Crystalline Germanium Deposition
It has previously been shown that some plasma deposition geometries can produce
both poly and epitaxial growth. Crystalline Ge was achieved in the HDP-CVD chamber
by direct deposition.

A pivotal parameter for crystalline growth is the deposition

temperature. Germanium crystalline formation is known to appear at about 300°C. A 3
minute warm-up step was inserted to allow the wafer temperature to settle to about 460°C
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before the 10 minutes of GeH4 clean followed by Ge deposition. Deposition power was
also increased to 3000 W which increases the substrate temperature. To achieve epitaxial
growth, the silicon surface must be oxygen and carbon free. The insertion of an in-situ
GeH4 clean after a 2 minute DHF dip determines whether the Ge is poly-crystalline or
epitaxial; depositions without a GeH4 clean results in poly-crystalline Ge (poly-Ge) [20].
The GeH4 clean removes some of the carbon contaminants (Figure 4.5), allowing Ge
atoms to coherently attach to Si lattice sites. The power, total pressure, and gas flow
parameters for the warm-up step are 3000 W, 1 mtorr, and 50 sccm of side Ar gas,
respectively. The power, total pressure, and gas flow parameters for the GeH4 clean step
are 3000 W, 1 mtorr, and 50 sccm of side Ar/GeH4 gas, respectively. The power, total
pressure, and gas flow parameters for the Ge deposition step are 3000 W, 10 mtorr, and
50 sccm of side Ar gas, 300 sccm of top Ar gas, and 400 sccm of Ar/GeH4, respectively.
Figure 4.12 are TEM images showing that direct deposition of poly-Ge was found
to form denser Ge layers with no voids. Hence, direct deposition of epitaxial Ge (epi-Ge)
was preferred over RTA poly-Ge due to fewer void defects that can be seen in a
comparison between Figure 4.12a and the three TEM images in Figure 4.11. Figure
4.12b is a high resolution TEM (HRTEM) image showing coherent positioning of Ge and
Si atomic planes and an amorphous region with high oxygen concentration. One feature
of this deposition technique is that amorphous regions are scattered across the Ge/Si
interface, also shown in Figure 4.6. These regions are suspected to be residual oxide.
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Ge
Ge

Si

Si

Figure 4.12. TEM image of (a) direct poly-crystalline Ge growth by ICP-CVD, and (b)
HRTEM image of the Ge/Si interface with an amorphous (oxide) region. The grains are
<100> oriented and growth within the grains is coherent and epitaxial-like.
The lifetimes of poly-Ge samples with and without an in-situ GeH4 clean are shown
in Figure 4.9. The epitaxial Ge (epi-Ge) has a higher lifetime than the poly-Ge. One
possible reason is that interface recombination dominates and there are less oxygen and
carbon contaminants at the Ge/Si interface in the epitaxial case. The dislocation density
was found to be approximately 1011 cm-2.

4.4 Summary
The process to produce the current highest quality Ge on Si films at the MDL was
found to require 2 critical surface preparation steps:
1. A 2 minute ex-situ DHF dip, rinse, and spin dry to remove the native oxide.
2. A 10 minute in-situ GeH4 clean to remove residual oxygen and carbon
contaminants.
To develop the ex-situ clean, lifetime measurements were used to establish that the
hydrogen passivation on the Si surface decayed with an exponential time constant of 20
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minutes, much more stable than for Ge (also measured in this work). Ge had a 3rd order
dependence of 2.3, 13.2, and 384 minutes. Furthermore, when deposition temperature
was increased to ~460°C combined with the cleans, it was found to help crystal
formation. This crystallization technique was chosen over RTA or LPE mainly due to its
better coherence with the Si substrate shown from TEM images and XRD. Investigation
is currently on-going to determine the dominant species that is removing the residual
carbon and oxygen contaminant at the Ge/Si interface.
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CHAPTER 5
LIFETIME AND RECOMBINATION VELOCITY

5.1 Introduction
This chapter seeks to correlate lifetime measurement with film crystallinity. A
measured lifetime is an effective lifetime which consists of: (1) the two surface
recombination velocities, (2) the Ge and Si bulk lifetimes, and (3) the Ge-Si interface
lifetime (Figure 5.1). The effective lifetime, τeff, was extracted from a well-known
contactless technique previously described in Chapter 3. This technique inductively
senses photoconductivity change caused by a short pulse from a strobe lamp.

For

lifetimes greater than 130 μs, the effective lifetime was extracted from the exponential
decay of the photoconductivity decay curve. For short lifetimes, the effective lifetime
was extracted from the magnitude of the steady-state conductance during a long light
pulse, which is quasi-static.
The structure described in this work is a Ge on Si heterostructure (Figure 5.1).
(1) Surface recombination at Ge edge (SGe)
Defects
(3) Interface
recombination
(SI)

Ge

(2) Ge bulk
recombination
(τGe)

Si
LSi

(2) Si bulk
recombination
(τSi)
Si surface
exposed to light

(1) Surface recombination
at Si edge (SSi)

Figure 5.1 Recombination velocities in a Ge/Si heterostructure.
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We assumed the steady state measured effective lifetime is described by:
1_
=
τeff

1_
τSi

+

SSi_
LSi

+

Seff
LSi

(5.1)

where τSi is the Si bulk lifetime, SSi is the Si surface recombination velocity (SRV), and
LSi is the thickness of Si substrate (Figure 5.1). Equation 5.1 treats the 250 Å Ge as a
capping material with an effective surface velocity. This Seff is a combination of the Ge
bulk lifetime (τGe), Ge-air SRV (SGe), and the Ge-Si interface SRV (SI).
This chapter describes the techniques to extract the Ge and Si SRV and bulk
lifetimes in Section 5.2.1 and Section 5.2.2, respectively. Calculations for Seff are in
Section 5.3.

5.2 Surface Recombination Velocity and Bulk Lifetime
Surface recombination velocity is the rate at which electrons and holes recombine
at the surface. High SRV is correlated to high density of surface defects. Long bulk
lifetime, on the other hand, implies low bulk defect density. To extract the Si and Ge
SRV and their respective bulk lifetimes, the effective lifetime was measured at different
substrate thicknesses [1, 2]. A 6” Si (100) p-type (2-50 Ω-cm) and an Umicore 6” Ge
(100) p-type (~ 10 Ω-cm) substrates were used. The substrates were thinned by either
chemical etch or dry etch. For each substrate, the initial assumption was that τeff would
be related to τSi, Ge and SSi, Ge as:
1_
=
τeff

1 _
+
τSi, Ge

2SSi, Ge_
LSi, Ge

The factor 2 accounts for the front and back surfaces (Figure 5.2).
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(5.2)

Illumination

L

SRV

τbulk

Substrate

SRV
Figure 5.2 Components of Equation 5.2

5.2.1 Germanium Bulk Lifetime and Surface Recombination Velocity
Hydrogen peroxide (H2O2) diluted with DI water (5:1 DI:H2O2) chemically etches
Ge. The etch mechanism can be described by [3]:
H2O2 + Ge Æ GeO + H2O
H2O2 + GeO Æ GeO2 + H2O
H2O + GeO2 (s) Æ H2O + GeO2 (aq)
The etch times ranged from 4 to 90 minutes followed by a 2 minute DI water rinse to
remove excess H2O2 and a 5 minute spin, rinse, dry (SRD) before a lifetime
measurement. The SRV (SGe) and the Ge bulk lifetime (τGe) can be extracted from
graphing 2/L versus the inverse of τeff (Figure 5.3) and drawing a best fit line.
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Figure 5.3. Bulk lifetime and SRV can be extracted by plotting 2/L versus the inverse of
the effective lifetime.
Equation 5.2 is in the form of y = mx + b, where m is the slope of the line and b is the y
intercept. Therefore, SGe is the slope of the line and the τGe is the inverse of the yintercept which are 4.2 ± 2 cm/s and 7.0 ± 4 ms, respectively. Note that the etch
roughens the surface and it is believed that this is why τeff for the thickest case (no etch)
is an outlier.
5.2.2 Silicon Bulk Lifetime and Surface Recombination Velocity
A reactive ion etcher (RIE), or plasma etcher, was used to dry etch a Si wafer so
that the thickness of the Si wafer could be varied while measuring the lifetime at each
thickness. Plasma etching was chosen over thermal oxidation and HF etching because
thermal cycling can produce changes in the bulk lifetime (Chapter 3). Wet etches were
attempted by thinning the wafer using a 7:1:0.7 Nitric: HF: Phosphoric mixture in an etch
tool by Semitool for Si wafer back etch. However, visual inspection after multiple etches

85

showed high surface roughness. Longer etch times produced streaks of trenches running
from the center of the wafer to the edge of the wafer.
Plasma etches were done by Rob Jarecki at Sandia National Laboratories. Each
etch started with a 10 sec breakthrough step of 50 sccm of CF4 at 4 mTorr, 500 W from
the source, and 40 W bias power. A 542 sec main etch step used 190 sccm of SF6, 80
sccm of Ar, and 3 sccm of He/O2 mix (30% He) at 20 mTorr with 1200 W source power,
and 8 W bias power. The source and bias frequencies were set to 12.56 MHz and 13.56
MHz, respectively. After each etch, the wafer was dipped into DHF to hydrogenate the
surface before lifetime measurement.
It was found that the change in lifetime with change in thickness was not well
explained by the relationship described in Equation 5.2. We also observed that the RIE
bombards the wafer surface, which roughens the entire surface and potentially introduces
radiation damage in the near surface of the material. Although surface roughness was
considerably less than wet etching, AFM shows an average RMS roughness increase
from 3 Å to 5 Å after the first etch, and a linear increase with each etch thereafter.
Roughness and radiation damage can increase the surface recombination velocity [4] and
each subsequent etch step can introduce increasing roughness and damage. To account
for increasing damage, we suppose that the surface recombination velocity will depend
linearly on surface roughness and therefore linearly on total etched material. The general
τeff equation when including this factor is:
1_
=
τeff

1_
τSi

+

2SSi_
LSi

+

αSSiΔLSi
LSi

(5.3)

where α is the surface damage coefficient and ΔLSi is the wafer thickness difference
before and after the plasma etch (ΔLSi = Lbefore etch – Lafter etch). There are 3 unknowns in
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Equation 5.3: τSi, SSi, and αSSi. The Si substrate is subjected to three iterations of plasma
etch resulting in the following 4 equations:
Unetched:
1st iteration:

1_
τeff_0
1_
τeff_1

2nd iteration:

1_
τeff_2

3rd iteration:

1_
τeff_3

=

1_
+
τSi

2SSi_
LSi_0

(5.4)

=

1_
+
τSi

2SSi_
α S ΔL
+ 1 Si Si_1
LSi_1
LSi_1

(5.5)

=

1_ +
τSi

2SSi_
α S ΔL
+ 2 Si Si_2
LSi_2
LSi_2

(5.6)

=

1_
+
τSi

2SSi_
α S ΔL
+ 3 Si Si_3
LSi_3
LSi_3

(5.7).

Figure 5.4 graphs τeff versus wafer thickness (LSi) values used to calculate τSi, SSi,
and αSSi. The point on the far right represents τeff of the unetched Si wafer.
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Figure 5.4. Measured τeff versus wafer thickness with the unetched lifetime point on the
far right.
A combination of 3 equations between equations (5.4), (5.5), (5.6) and (5.7) were used to
solve for the 3 unknowns. Unfortunately, this 3-equations analysis resulted in nonphysical values (negative lifetimes). We believe that the damage dependence may be
greater than originally assumed. Literature value of S = 0.66 cm/s [1] was used to
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estimate SSi (12.2 cm/s) and τSi (768 μs) for our experiments. In our case, lifetime
measurements were made 7 minutes after removal from the HF bath. Since hydrogen
passivation decays exponentially with time, SSi = 0.66 cm/s was use to represent SRV at
the time of removal, or zero minutes. Note that SSi = 0.66 cm/s is on the lower bound of
reported SRV values.

5.3 Quantitative Measurement of Seff for different Poly-Ge/Si
The addition of a poly-Ge layer decreases τeff thus increasing recombination. To
quantify this increase, the new agglomerate recombination may be viewed as an effective
SRV at one side of the Si substrate, Seff:
1_
=
τeff

1_
τSi

SSi_
LSi

+

Seff
LSi

+

(5.8)

where Seff is the effective SRV at the Ge/Si edge (Figure 5.5) representing the combined
recombination contributions of the (1) Ge/Si interface (SI), (2) Ge bulk (τGe), and (3)
Ge/air surface (SGe).
Front side
Illumination

LSi

Si Substrate

Backside
illumination

Seff

τSi
SSi

Figure 5.5. Components of Equation 5.8.
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Inserting SSi = 12.2 cm/s and τSi = 768 μs into Equation 5.8, gives a calculated SRV
ranging between 2x103 - 2x104 cm/s (Figure 5.6) depending on the method of poly-Ge
formation.

RTA temperature also played a role in changing the measured lifetime

(Figure 4.9).

To incorporate this, new Si bulk lifetimes were calculated for each

temperature using the same SSi found in literature.

Poly-Ge w/ Ar Sputter
250A Ge w/ Ar Sputter
Large grain poly coherently
oriented to the substrate
250A Ge w/out Ar sputter
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S_eff (cm/s)
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Temperature (degrees C)

Figure 5.6. The calculated effective surface recombination velocities at the poly-Ge/Si
interface for poly-Ge directly deposited compared to recrystallized a-Ge:H at varying
temperatures.
Incomplete cleaning before epitaxy, leaving residual contamination like oxygen and
carbon, is known to increase defect density and lower lifetimes [5]. Inserting an in-situ
Ar sputter before deposition and recrystallization reduces the SRV. It is unclear whether
reduced contamination or other effects due to the presence of an underlying amorphized
Si layer might reduce recombination. That is, it is not clear how the amorphized Si layer
impacts the growth and subsequent quality of the recrystallized Ge layer. The SRV of
directly deposited poly-Ge are also slower than the recrystallized poly-Ge without the use
of an in-situ clean and are comparable to the recrystallized Ge using the in-situ clean.
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Chapter 4.3.1 described the mechanical and chemical film differences between
different recrystallization temperature and the use of a-Ge:H versus direct poly-Ge
deposition.

Lower temperature anneals formed small grains with voids.

Higher

temperature anneals formed larger voids but more coherent to the underlying substrate as
compared to lower temperature anneals. Direct deposition of poly-Ge at ~460°C showed
no voids and a denser Ge layer. With a germane in-situ clean, direct deposition forms
epitaxial Ge. Yet, despite the significant differences in crystal quality, the SRV did not
vary much. A hypothesis is that SRV is not sensitive to crystal structure and density,
because SI dominates the recombination in these thin 25 nm thick layers. SRV between
103 – 104 cm/sec are not unusual for poorly passivated surfaces and therefore these
measured values are not unreasonable [6]. We note that 106 cm/sec has been commonly
suggested among several groups in previous modeling of Ge/Si photodiodes [7-9]. These
measurements suggest that this value may be overly pessimistic.

5.3.1 Varying Poly-Ge/Si Thicknesses
It is unclear whether Seff is dominated by recombination in the Ge film or at the
Ge-Si interface. If the Ge film dominates, the effective lifetime should decrease as the
Ge film thickness increases. This assumes that the Ge film has a lot of defects, which
allows for high recombination in the film. If the interface dominates, the effective
lifetime should be similar regardless of the Ge film.
An experiment to probe this intuition was to deposit thicker epi-Ge films and take
lifetime measurements. The thicknesses selected were 500 Å, 1 kÅ, 4 kÅ, and 10 kÅ.
All of the wafers were dipped in DHF and received an in-situ GeH4 clean before Ge
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deposition. Before lifetime measurements, all of the wafers were again dipped in DHF to
remove any oxides.

Backside QSS illumination gives effective lifetimes a few

microseconds apart for all 4 samples (i.e. very little dependence on thickness). Front side
QSS illumination resulted in decreasing effective lifetimes as Ge thickness increased
(Figure 5.7).

120

τeff (μs)

100
80
Front side illumination
Backside illumination

60
40
20
100

1k

10k

Ge Film Thickness (A)
Figure 5.7. QSS effective lifetimes of various Ge films on Si.

Using the peak wavelength of the flash intensity (λ = 830 nm or E ≈ 1.5 eV ) [10],
we found the absorption length of Si and Ge to be 10 μm and 0.13 μm, respectively [11].
Therefore, a possible explanation for the decrease in front side illumination effective
lifetime could be that the flash was absorbed by the thicker Ge layer, producing a larger
proportion of electrons and holes near the defective, high recombination rate interface.
For thin Ge layers, the light was absorbed deep in the Si substrate, producing the majority
of the electrons and holes further away from the interface, allowing them to escape into
the bulk Si instead of recombining at the interface. Both results are consistent with
interface recombination being dominant.
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5.4 Conclusion
The Ge bulk lifetimes and surface recombination velocities extracted from our
experiments and Si bulk lifetime from literature, allowed us to estimate that the effective
Ge-Si interface SRV is between 103-104 cm/s, and this appears to be dominated by the
Ge-Si interface (SI) compared to τGe and SGe. In order to increase the effective lifetime of
the Ge/Si heterostructure, more investigation on reducing SI is needed.
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CHAPTER 6
CONCLUSION

6.1 Summary
The objective of this thesis was to characterize different ways of forming
crystalline germanium on silicon using high density plasma chemical vapor deposition.
Hydrogenated amorphous Ge films recrystallized at various RTA temperatures were
compared to directly deposited poly-Ge and epi-Ge. Structural (e.g., XRD & TEM),
chemical (e.g., RBS & SIMS) and electrical characterization (e.g., photoconductance
lifetime) were used to characterize the films.
The first goal was to minimize defects in the Ge film due to surface
contamination. To do so, various ex-situ and in-situ cleans were used to passivate and
remove contaminants, such as native oxide, on the Si surface before Ge deposition. It
was found that a 100:1 DI H2O:HF dip can passivate the Si surface up to 20 minutes (i.e.,
defined by photoconductance characterizations), and that the insertion of an in-situ, low
energy GeH4 clean before Ge deposition leads to epitaxial growth.
Structural characterization using TEM showed that solid phase recrystallization
using RTAs below the Ge melting point and liquid phase epitaxy using RTAs above the
Ge melting point of 936°C resulted in recrystallized poly-crystalline Ge that, in some
cases, was porous.

The pores and grains increase in size with increasing anneal

temperature. In contrast, the germanium deposition formed with a combination of exsitu/in-situ cleans and appropriate HDP-CVD conditions resulted in the highest level of
coherent crystallinity of all the methods examined (i.e., epitaxy) [1].

94

Photoconductance measurements of the Ge/Si heterostructures were also used to
probe the minority carrier lifetimes in the structures. The recombination in the deposited
Ge was treated as a recombination velocity at the top surface of the silicon. An effective
Seff was associated with the different deposition methods.

The estimated Seff for RTA

annealed and directly deposited Ge films were similar, ranging from 2x103 - 2x104 cm/s.
Thicker directly deposited poly-Ge samples indicated that recombination at the Ge-Si
interface dominated Seff. Minimal changes in effective lifetimes were seen with backside
illumination, further suggesting that the Ge-Si interface recombination dominated Seff.
This result is significant for future Ge-Si electrical devices, for which previously a more
pessimistic S was used (i.e., S ~ 106 cm/s).

6.2 Future Work
PECVD epitaxial Ge on Si was achieved but was not fully characterized.
Knowing that the Ge-Si interface plays a crucial role in deteriorating the heterostructure
lifetime, improved ex-situ (e.g., vapor phase HF with no DI rinse) and in-situ cleans may
help further reduce interface contamination like oxygen, which was not completely
eliminated [1].
Deconvolving the Ge bulk lifetime and the interface recombination velocity from
Seff is also desirable. This will allow us to quantitatively see how the different deposition
and processing conditions impact carrier lifetimes at the interface and in the Ge, which is
important for minority carrier devices like photodetectors.
The ultimate goal is to improve the Ge dislocation density and the interface for
the highest quality (e.g., lowest leakage current) electrical devices. At its current state,
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the dislocation density was found to be approximately 1011 cm-2 and a very high residual
oxygen concentration was found at the interface. Introduction of pure hydrogen plasma
cleans is expected to reduce the oxygen content, and combinations of low and high
temperature Ge epitaxy have been found to produce much lower dislocation densities.
These are recommended directions for future research.
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